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1.  INTRODUCTION: 

Transcription  factors  in  mammals  require  coactivators  to  mediate  their  transcriptional  activities. 
Through  modulating  gene  expression  regulated  by  hormones,  growth  factors,  and  cytokines, 
coactivators  play  crucial  roles  in  many  biological  and  pathological  processes  including  cell 
proliferation,  differentiation,  carcinogenesis,  and  metastasis.  The  best  studied  include  the  pi 60 
steroid  receptor  coactivator  (SRC)  family,  which  contains  three  members:  SRC-1,  SRC-2  (TIF2, 
GRIP1,  or  NCOA2),  and  SRC-3  (AIB1/ACTR/NCOA3).  These  coactivators  have  been 
implicated  in  a  wide  number  of  cancer  types  and  deserve  strong  consideration  as  key  molecular 
targets  for  a  next  generation  of  chemotherapeutics.  SRC-3  expression  is  upregulated  significantly 
in  breast  cancers  and  correlates  with  HER2  positivity,  disease  recurrence  in  HER2 -positive  BCs 
and  resistance  to  endocrine  therapy.  We  intend  to  translate  SRC  family  small  molecule 
inhibitors  (SMIs)  into  effective  therapeutic  drugs  for  the  treatment  of  human  breast  cancers.  Here 
we  describe  our  work  on  the  execution  a  of  high  throughput  (HTP)  screen  with  secondary  in 
vitro  assays  that  will  be  followed  by  preclinical  animal  model  testing.  Breakthrough  advances  in 
Cryo-electron  microscopic  analyses  of  DNA/NR/SRC-3  protein  complexes  achieved  by  our 
group  are  providing  powerful  new  insights  into  understanding  the  conformation  of  ERa  in 
complex  with  DNA  and  coactivators  and  should  provide  valuable  new  information  on  the 
structural  mechanism  of  action  of  SRC  SMIs,  as  well  as  interacting  drugs.  We  envision  that 
SRC-3  SMIs  will  be  first-in-class  chemotherapeutic  agents  that,  in  combination  with  existing 
endocrine,  targeted  and  chemotherapeutic  agents,  can  be  used  to  treat  breast  cancer  patients. 

2.  KEYWORDS: 

Breast  cancer,  steroid  receptor  coactivators,  estrogen  receptor,  cryo-electron  microscopy,  small 
molecule  inhibitors 

3.  ACCOMPLISHMENTS: 

Major  goals  of  the  project: 

Task  1.  Perform  SRC  small  molecule  inhibitor  (SMI)  compound  screening.  (Months  1-18): 

75%  complete 

Task  2.  Structure  activity  relationship  (SAR)  assessment  of  SRC  SMIs.  (Months  12-48): 

Initiating  work  on  this  task 

Task  3.  SRC-3  -  p300  -  ER  -  DNA  holocomplex  cryo  electron  microscopy  (Cryo-EM).  (Months 
1-36):  50%  complete 

Task  4.  Preclinical  testing  of  SRC  SMIs.  (Months  18-60): 

Not  started  -  will  be  initiated  later  this  year 

Task  5.  Clinical  testing  of  SRC  SMIs.  (Months  48-60): 

Not  started  -  will  be  initiated  next  year 
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Accomplishments  under  these  goals  (tasks): 

SRC  Small  molecule  inhibitor  screening  and  characterization  (Task  1):  We  completed  high 
throughput  screening  for  SRC-3  and  SRC-1  SMIs  using  large  compound  libraries;  compounds 
that  can  inhibit  the  transcriptional  activity  of  SRCs  were  identified  that  are  much  more  potent 
than  our  originally  identified  tool  compounds.  This  HTP  screen  explored  an  extensive  range  of 
chemical  space  using  a  library  of  nearly  400,000  compounds.  In  addition  to  this,  we  have  also 
completed  high  throughput  screens  for  SRC-2  SMIs.  These  screens,  which  were  done  in 
collaboration  with  Scripps  Institute  in  Florida,  led  to  the  identification  of  more  than  500 
compounds  in  total  (http://pubchem.ncbi.nlm.nih.govT  (AID  588352,  AID588354  and 
AID651957).  Follow  up  analysis  of  these  hits  has  led  to  the  identification  of  the  compound 
bufalin,  as  a  potent  SMI.  Bufalin  was  able  to  promote  downregulation  of  SRC-1,  SRC-2  and 
SRC-3  at  low  nanomolar  concentrations.  This  contrasts  with  our  original  tool  compound, 
gossypol  that  is  effective  at  mid-micromolar  levels.  Follow  up  work  is  being  conducted  to 
characterize  the  many  new  compounds  that  we  have  identified  to  have  a  panel  of  the  most 
effective  SRC-3  SMIs  possible  for  further  characterization. 

We  have  focused  on  examining  the  effects  of  bufalin  on  cell  motility  and  invasion  in  breast 
cancer  cell  lines.  We  have  found  that  bufalin  can  inhibit  cell  motility  in  a  cell  culture-base  cell 
motility  “wound”  assay.  We  also  have  found  that  bufalin  can  strongly  suppress  breast  cancer 
cell  metastases  in  an  MDA-MB-23 1  mouse  xenograft  model  and  are  planning  to  perform  similar 
experiments  testing  its  effects  in  blocking  tumor  progression  in  ER+  breast  cancer  cells  as  well. 
More  details  on  our  characterization  of  bufalin  are  contained  in  our  Wang  et  al.  manuscript  (see 
Appendix  A). 

We  also  have  expanded  our  characterization  of  bufalin  and  20+  other  SRC  SMIs  including 
verrucarin  A  and  diacetoxyscirpenol  (see  below)  to  assess  their  ability  to  inhibit  the  growth  of 
ER+,  HER2+  and  ER+/HER2+  breast  cancer  cell  lines  in  vitro.  Numerous  potentially 
repositionable  drugs  are  being  characterized  and  most  of  these  compounds  are  able  to  reduce  the 
cellular  protein  concentration  of  SRCs  and  inhibit  cancer  cell  growth.  We  also  have  tested  the 
ability  of  these  SRC-3/SRC-1  SMIs  to  block  cancer  cell  growth  when  used  in  combination  with 
other  anti-cancer  drugs.  SRC-3/SRC-1  SMIs  are  particularly  effective  when  combined  with 
PI3K/AKT/mTOR  pathway  inhibitors  such  as  BEZ235  and  MK2206.  In  conclusion,  we  have 
made  considerable  progress  in  expanding  our  understanding  of  the  cellular  pathways  that 
regulate  SRC-3/SRC-1  activity  and  protein  stability.  We  plan  to  leverage  this  information  to 
drive  our  efforts  to  develop  potent  and  selective  SRC-3/SRC-1  SMIs  that  we  plan  to  further 
develop  into  anti-cancer  drugs  for  clinical  use. 

Medicinal  chemistry  (Task  1):  Bufalin  shows  promising  activities  against  breast  cancer  cell 
growth  through  the  inhibition  of  SRCs.  However,  bufalin  has  toxicity  to  the  heart,  and  medicinal 
chemistry  modification  is  therefore  needed  to  find  non-toxic  derivatives  with  improved 
anticancer  activity.  Bufalin  is  a  natural  product  with  multiple  asymmetric  centers,  representing  a 
great  challenge  for  chemical  synthesis.  A  comprehensive  medicinal  chemistry  study  of  bufalin  is 
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not  feasible.  Our  testing  of  ~10  commercially  available  bufalin  analogs,  such  as  digoxin, 
digoxigenin,  digitoxin,  ouabain,  cinobufagin,  resibufogenin  and  strophanthidin,  suggested  that 
the  steroid  core  of  bufalin  (except  for  the  14P-OH)  seems  to  be  critical  to  the  activity.  Our 
medicinal  chemistry  plan  is  therefore  to  modify  the  17-,  14-  and  3-positions.  There  have  been 
numerous  efforts  for  total  synthesis  of  bufalin  as  well  as  related  cardioglycoside  toxins  during 
the  past  few  decades.  Based  on  these  literature  methods,  we  spent  several  months  in  finding 
practical  synthetic  methods  for  the  medicinal  chemistry 
study.  As  shown  in  the  scheme  at  right  starting  from 
dehydroandrosterone,  a  readily  available  compound,  we 
have  now  established  a  synthetic  route,  through  which 
the  medicinal  chemistry  modifications  at  the  17- 
position  of  bufalin,  may  be  achieved.  Four  bufalin 
analogs  containing  an  ethynyl,  2-methoxypyridin-5-yl 
and  phenyl  substituent  at  the  17-position  have  been 
successfully  synthesized  (Fig.  1).  Biological  activity 
testing  of  these  compounds  is  on-going  in  the 
laboratories  of  Drs.  Lonard  and  Palzkill. 

Going  forward,  the  following  medicinal  chemistry  goals 
will  be: 

•  To  synthesize  ~50  bufalin  analogs  with  a  broad 
chemical  diversity,  in  order  to  find  compounds  with  improved  inhibitory  activity  against 
SRCs  as  well  as  breast  cancer. 

•  To  establish  a  synthetic  method  to  make  bufalin  analogs  with  a  14P-OH  feature; 

•  To  establish  a  synthetic  method  to  modify  the  3-position  of  bufalin; 

•  To  analyze  the  structure  activity  relationship  (SAR)  between  bufalin  derivatives  and  ,  in  an 
effort  to  rationally  design  compounds  with  improved  activity. 

SRCS  SMI  binding  Studies  (Task  1):  Biochemical  compound  binding  experiments  have  been 
performed  to  measure  changes  in  the  intrinsic  fluorescence  of  domains  of  SRC-3  in  the  presence 
of  lead  chemicals.  Fluorescence  spectroscopy  revealed  that  bufalin  was  able  to  bind  the  SRC-3 
bHLH  domain  at  low  nanomolar  concentrations. 

We  also  have  used  fluorescence  spectroscopy  to  establish  possible  direct  interactions  of  SRC-3 
with  two  additional  promising  chemicals:  verrucarin  A  and  diacetoxyscirpenol  and  to  further 
localize  the  interaction  sites  on  the  SRC-3.  Dose  dependent  measurements  of  the  intrinsic 
fluorescence  emission  of  three  domains  of  SRC-3  were  performed  to  assess  the  effects  of  these 
chemicals.  These  chemicals  affect  the  intrinsic  fluorescence  of  the  SRC-3  domains  both  with 
respect  to  the  emission  intensity  and  the  emission  peak  wavelength.  Verrucarin  A  quenches  the 
fluorescence  of  the  bHLH,  RID  and  CID  domains  of  SRC-3  but  shifts  the  emission  peak  to  a 
shorter  wavelength.  The  effects  of  diacetoxyscirpenol  on  these  domains  are  either  too  limited  or 
too  variable  to  ascertain  if  there  are  interactions  between  SRC-3  domains  and  this  chemical. 
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However,  these  chemicals  appear  to  have  small  effects  on  the  fluorescence  of  these  domains  at 
concentrations  below  10  nM  (this  is  the  lowest  concentration  we  tested  here).  We  are  planning  to 
carry  out  more  detailed  investigations  with  fresh  proteins  to  confirm  the  low  concentration  effect 
of  these  chemical  on  the  fluorescence  peaks  of  these  SRC-3  domains  and  to  determine  their  half- 
affecting  concentrations  with  greater  precision. 

Verrucarin  A  as  a  SRC-3 
selective  SMI  (Task  1): 

Verrucarin  A  was 
identified  as  a  SMI  that  can 
selectively  promote  the 
degradation  of  the  SRC-3 
protein,  while  affecting 
SRC-1  and  SRC-2  to  a 
lesser  extent  and  having  no 
impact  on  CARM-1  and 
p300  protein  levels  (Fig. 

2).  Verrucarin  A  was 
cytotoxic  toward  multiple 
types  of  cancer  cells  at  low  nanomolar  concentrations,  but  not  toward  normal  liver  cells. 
Importantly,  verrucarin  A  was  able  to  kill  MCF-7  breast  cancer  cells  at  doses  equivalent  to  those 
required  to  promote  SRC-3  protein  downregulation  (Fig.  3).  Moreover,  verrucarin  A  was  able  to 

inhibit  expression  of  the  SRC-3  target  genes 
MMP2  and  MMP13  and  attenuated  cancer 
cell  migration.  We  found  that  verrucarin  A 
effectively  sensitized  cancer  cells  to  treatment 
with  other  anti-cancer  drugs.  Binding  studies 
revealed  that  verrucarin  A  does  not  bind 
directly  to  SRC-3,  suggesting  that  it  inhibits 
SRC-3  through  its  interaction  with  an 
upstream  effector.  In  conclusion,  unlike  other 
SRC  SMIs  characterized  by  our  laboratory 
that  directly  bind  to  SRCs,  verrucarin  A  is  a 
potent  and  selective  SMI  that  blocks  SRC-3 
function  through  an  indirect  mechanism. 
More  details  on  our  characterization  of 
bufalin  are  contained  in  our  Yan  et  al. 
manuscript  (see  Appendix  A). 


Fig.  3.  Verrucarin  A  can  block  MCF-7  cell  proliferation  at 
concentrations  equivalent  to  that  which  promotes  5RC- 
3  protein  downregulation,  MCF-7  cells  were  treated 
with  increasing  concentrations  of  verrucarin  A  and  cell 
viability  was  assessed  via  MTS  assay  (red  line).  The 
effects  of  verrucarin  A  were  determined  in  parallel  (blue 
line). 
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Fig.  2.  Verrucarin  A  selectively  promotes  downregulation  of  the  SRC-3 
protein.  MCF-7  breast  cancer  cells  were  treated  for  IS  hours  with  the  indicated 
concentrations  of  Verrucarin  A.  Cell  lysates  were  then  analyzed  by  Western 
blotting.  (A)  Effects  of  Verrucarin  on  SRCs.  (B)  Verrucarin  does  not  promote 
downregulation  of  CARM-1  or  p3QQ. 
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Biochemical  compound  binding  experiments  have  been  performed  to  measure  changes  in  the 
intrinsic  fluorescence  of  domains  of  SRC-3  in  the  presence  of  additional  lead  chemicals 
including  emetine,  cephaeline  and  diacetoxyscirpenol.  Dose  dependent  measurements  of  the 
intrinsic  fluorescence  emission  of  three  domains  of  SRC-3  were  performed  to  assess  the  effects 
of  these  chemicals.  These  chemicals  affect  the  intrinsic  fluorescence  of  the  SRC-3  domains  both 
with  respect  to  the  emission  intensity  and  the  emission  peak  wavelength.  The  effects  of 
diacetoxyscirpenol  on  these  domains  are  either  too  limited  or  too  variable  to  ascertain  if  there  are 
interactions  between  SRC-3  domains  and  this  chemical.  However,  these  chemicals  appear  to 
have  small  effects  on  the  fluorescence  of  these  domains  at  concentrations  below  10  nM  (this  is 
the  lowest  concentration  we  tested  here).  We  are  planning  to  carry  out  more  detailed 
investigations  to  confirm  the  low  concentration  effect  of  these  chemical  on  the  fluorescence 
peaks  of  these  SRC-3  domains  and  to  determine  their  half-affecting  concentrations  with  greater 
precision. 

Characterization  of  a  novel  SRC  Small  Molecule  Stimulator  as  an  anti-cancer  agent  (Task  1): 
By  integrating  multiple  signaling  pathways  that  cancer  cells  rely  on  for  growth  and  survival, 
pi 60  steroid  receptor  coactivator  (SRC)  family  members  (SRC-1,  SRC-2/TIF2/GRIP1,  SRC- 
3/AIBl/pCIP/RAC3)  represent  emerging  targets  for  anti-cancer  drug  development  as  we  have 
discussed  before.  A  number  of  compounds  have  been  characterized  as  potent  and  selective  small 
molecule  inhibitors  (SMIs)  against  SRCs  from  high  throughput  screening  efforts  including 


Fig.  4.  MCB-613  hyper-stimulates  SRC 
coactivator  activity.  (A)  The  intrinsic 
transcriptional  activity  of  a  GAL4  DNA  binding 
domain  fused  SRC-1,  SRC-2  and  SRC-3  was 
assessed  using  a  GAL4  responsive  lucirerase 
reporter.  Cells  were  treated  with  the 
indicated  concentrations  of  MCB-613  for  18 
hours.  (B)  The  intrinsic  transcriptional 
activity  of  PGC-la  was  not  affected  by  MCB- 
613  treatment.  (C)  MCB-613  treatment 

stimulates  expression  of  the  SRC-3  target 
gene  MMP2-luc.  (D)  Deletion  of  the  SRC-3 
gene  via  a  zinc-finger  nuclease  based 
technology  (KO)  leads  to  lower  induction  of 
MMP2  upon  MCB-613  treatment.  (E)  The 
expression  of  another  SRC-3  target  gene, 
MMP13,  is  elevated  by  MCB-613  treatment. 
(F)  Protein  levels  for  all  three  SRCs  are 
downregulated  in  MCB-613  treated  cells.  (G) 
MCB-613  binds  directly  to  the  receptor 
interacting  domain  of  SRC-3  based  on  cell- 
free  binding  measurements.  (H)  MCB-613 
treatment  induces  the  rapid  formation  of  a 
SRC-3/CARM1/CBP  coactivator  protein 
complex.  Cells  were  treated  with  compound 
for  1  hour,  followed  by  co-IP  analyses. 
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bufalin  and  verrucarin  A  which  we  have  recently  published  on.  Unexpectedly,  these  screening 
efforts  uncovered  numerous  compounds  that  are  able  to  stimulate  SRC  activity  as  well.  We  are 
in  the  process  of  characterizing  one  of  these  compounds,  MCB-613  as  a  novel  small  molecule 
stimulator  (SMS)  capable  of  strongly  driving  the  transcriptional  activity  of  all  three  SRCs  (Fig 
4).  Genetic  knockout  or  pharmacological  inhibition  of  SRCs  with  existing  SMIs  can  block  the 
effects  of  MCB-613.  Investigation  of  the  underlying  molecular  mechanism  responsible  for  MCB- 
613  mediated  SRC  stimulation  revealed  that  it  activates  SRCs  by  increasing  their  interaction 
with  other  coactivators  and  induces  the  cellular  unfolded  protein  response  (UPR)  which  is 
coupled  to  the  generation  of  reactive  oxygen  species  (ROS)  and  the  activation  of  the  Abl  kinase- 
SRC  activation  axis  (Fig.  5).  Importantly,  we  were  able  to  exploit  the  SRC  SMS  effects  of  MCB- 
613  to  induce  excessive  stress  specifically  in  cancer  cells,  suggesting  that  over- stimulation  of  the 
SRC  oncogenic  program  may  be  an  effective  strategy  to  kill  cancer  cells  that  are  already  utilizing 
cellular  stress  response  pathways  to  their  fullest  extent. 


Figure  5.  Compound  MCB-613  induces  ROS  and 
cancer  cell  selective  cytotoxicity.  (A)  MCB-613 

selectively  kills  cancer  cells.  MCF-7,  PC-3,  H1299, 
HepG2,  mouse  primary  hepatocytes  and  mouse 
embryonic  fibroblasts  were  treated  with  different 
concentrations  of  MCB-613  for  48  hours.  Cell  viability 
was  determined  by  MTS  assay.  (B)  MCB-613 

treatment  causes  extensive  cytoplasmic 
vacuolization.  HeLa,  MCF-7  and  MDA-MB-231  cells 
were  treated  with  MCB-613  for  24  hours.  (C)  Vacuoles 
induced  by  MCB-613  are  derived  from  endoplasmic 
reticulum.  HeLa  cells  were  treated  with  MCB-613  for 
24  hours,  followed  by  immunostaining  with  antibody 
against  calnexin.  (D)  MCB-613  treatment  causes 
rapid  increase  of  intracellular  ROS  level.  HeLa  cells 
were  pre-loaded  with  a  general  ROS  indicator  CM- 
H2DCFDA,  followed  by  MCB-613  treatment  for  30 
minutes.  (E)  MCB-613  treatment  leads  to 

proteasome  dysfunction.  HeLa  cells  were  treated 
with  MCB-613  for  5  hours,  followed  by  Western  blot 
with  antibody  against  ubiquitin.  (F)  MCB-613 

treatment  induces  markers  of  unfolded  protein 
response  (UPR).  HeLa  cells  were  treated  with  MCB- 
613  for  4  hours  followed  by  Western  blot  with 
antibodies  against  SRC-3,  phosphorylated  el F2  alpha, 
total  el F2  alpha,  phosphorylated  IRE1  alpha,  total 
IRE1  alpha,  ATF4  and  p-actin.  (G)  Cell  death  caused 
by  MCB-613  can  be  rescued  by  treatment  with  an 
antioxidant  or  protein  synthesis  inhibitor.  HeLa  cells 
were  treated  with  MCB-613  for  24  hours  in  the 
presence  or  absence  of  N-Acetyl  cysteine  (NAC)  or 
cycloheximide  (CHX).  (H)  Cytoplasmic  vacuolization 
caused  by  MCB-613  was  blocked  by  antioxidant  and 
protein  synthesis  inhibitor  treatment. 


Cryo-electron  microscopic  analysis  of  the  ERa  -  coactivator  -  DNA  complex  (T ask  3): 

No  prior  structural  information  exists  on  the  receptor-coactivator  complex  to  complement  pre¬ 
existing  and  sometimes  controversial  biochemical  information.  During  this  reporting  period,  we 
used  cryo-EM  to  determine  the  quaternary  structure  of  an  active  complex  of  DNA-bound  ERa, 


8 


steroid  receptor  coactivator  3  (SRC-3)  and  a  secondary  coactivator  (p300).  Identification  of  the 
protein  components  in  this  complex  is  aided  by  cryo-EM  maps  of  p300  monoclonal  antibodies 


A  SRC-3a,  SRC-3b,  ERa,  docked  ERa  LBD-dimer  crystal  model 

ERa  Density 
2-fold  axis 


B  Complex +  AF-lAb 


Fig.  6.  Cryo-electron  microscopic  based  representation  of  ERa  in  complex  with  coactivators  and  DNA.  (A)  An 

ERa  dimer  (green)  is  shown  bound  to  two  SRC-3  proteins  (red  and  orange)  (left).  SRC-3  contacts  with  the  ERa 
AF-1  are  represented  to  the  right.  (B)  An  antibody  targeting  the  ERa  AF-1  (yellow)  was  used  to  probe  the  AF-1 
conformation.  P300  is  shown  in  violet. 

bound  to  the  complex  and  to  isolated  p300  itself,  and  of  ERa  monoclonal  antibody  bound  to  the 
complex  (Fig.  6).  Further  analysis  identified  two  structurally  similar  and  non-interacting 
segments  as  SRC-3  molecules,  which  bind  to  non-equivalent  sites  on  one  p300  and  to  a  dimer  of 
DNA-bound  ERa.  Our  structural  model  is  substantiated  by  various  biochemical  experiments, 
and  suggests  the  following  assembly  mechanism  for  the  complex.  Each  of  the  two  ligand-bound 
ERa  monomers  independently  recruits  one  SRC-3  molecule  via  the  transactivation  domain  of 
ERa;  the  two  SRC-3  s  in  turn  bind  to  different  regions  of  one  p300  molecule  through  multiple 
contacts.  This  is  the  first  structural  evidence  for  the  location  of  activation  domain  1  (AF-1)  in  a 
full-length  nuclear  receptor.  This  supports  a  role  for  AF-1  participation  in  SRC-3  recruitment. 

Opportunities  for  training  and  professional  development: 

Nothing  to  report 
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Dissemination  of  results  to  communities  of  interest: 

Results  from  work  performed  during  the  reporting  period  were  disseminated  to  the  research 
community  through  publications.  Dr.  O’Malley  also  presented  findings  from  this  work  at  the 
2014  Endocrine  Society  Meeting  in  San  Francisco,  CA. 

Plans  for  next  reporting  period: 

During  the  next  reporting  period,  we  plan  to  continue  our  characterization  of  bufalin  derivatives 
as  potential  improved  SRC  SMIs.  During  this  time,  we  will  investigate  the  ability  of  these 
derivatives  to  inhibit  SRC  transcriptional  activity  and  promote  degradation  of  the  protein  in 
breast  cancer  tumor  cells.  At  the  same  time,  we  will  investigate  the  effects  of  these  derivatives 
on  cardiac  function  in  animals  to  identify  compounds  that  lack  cardiac  glycoside  activity. 
Because  cardiac  glycoside  activity  of  bufalin  is  the  key  biological  activity  of  this  molecule  that 
limits  its  dose  in  vivo,  we  anticipate  the  derivatives  with  SRC  SMI  activity,  but  lacking  cardiac 
glycoside  activity,  will  be  more  effective  anti-cancer  agent.  We  are  also  planning  to  investigate 
the  SRC  SMS,  MCB-613,  in  greater  detail  and  to  synthesize  derivatives  of  this  compound. 
Already,  we  have  found  that  MCB-613  can  block  the  growth  of  breast  cancer  cells  in  vitro  and 
we  plan  to  test  its  ability  to  block  tumor  cell  growth  in  vivo  as  well.  Chemical  modification  of 
MCB-613  is  much  more  straightforward  than  for  bufalin,  and  we  already  have  synthesized  a 
number  of  derivatives  that  also  possess  biological  activity.  During  the  following  year,  we  plan  to 
synthesize  more  than  100  MCB-613  derivatives.  Top  derivatives  will  be  tested  in  animal  model 
systems  for  their  ability  to  block  breast  cancer  tumor  growth  in  xenograft  models.  We  also  will 
determine  the  biodistribution  of  these  derivatives  and  evaluate  their  toxicity  in  vivo. 

4.  IMPACT: 

Impact  on  the  development  of  the  principal  discipline  of  the  project: 

Our  efforts  to  identify  SMIs  that  can  target  SRCs  are  expected  to  build  confidence  for  other 
researchers  to  develop  approaches  to  target  relatively  unstructured,  regulatory  proteins  in  the 
future.  Most  drugs  are  designed  to  target  enzymes  or  proteins  with  high  affinity  ligand  binding 
domains  (e.g.  nuclear  receptors).  Work  described  here  should  lead  to  ‘entirely  new’  approaches 
to  target  key  oncoproteins  that  are  designated  as  ‘important  but  difficult’  drug  targets  and  have 
hitherto  received  little  attention  as  for  drug  development. 

The  interpretation  of  our  cryo-electron  microscopy  map  has  led  to  a  model  of  spatial 
organization  of  all  the  components  in  this  DNA-bound  ERa-coactivator  complex  for  the  first 
time.  This  structural  model  suggests  the  following  mechanism  for  the  assembly  of  the  individual 
components  into  the  complex:  The  ERa  binds  the  ERE  DNA  as  a  dimer,  and  then  recruits  two 
SRC-3  molecules;  these  two  SRC-3  molecules,  in  turn,  secure  one  molecule  of  p300  to  the 
complex  through  multiple  contacts.  p300  does  not  bind  either  DNA  or  ERa.  The  cryo-electron 
microscopy  structure  of  ERa-SRC-3-p300  complex  we  present  here  not  only  reveals  the 
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structural  organization  of  a  transcriptionally  active  ERa-coactivator  complex  but  also  provides 
information  about  the  overall  structure  of  individual  proteins.  Using  an  ERa  AF-1  specific 
antibody,  we  are  able  to  visualize  the  position  of  the  AF-1  function  domain  (A/B  domain)  within 
the  full  length  ERa  protein  (Fig.  3a  and  b).  Although  several  NR  structures  have  been  report, 
neither  the  location  nor  the  structure  of  their  AF-1  domains  could  be  determined  due  to  their  high 
mobility.  We  observe  for  the  first  time  that  the  A/B  domain  is  located  in  proximity  to  the  LBD 
(AF-2)  and  it  also  participates  in  the  SRC-3  recruitment  together  with  AF-2.  This  structural 
organization  allows  potential  inter-communication  between  the  two  domains,  providing  a 
structural  support  for  previous  observations  of  a  direct  interaction  between  the  N-  and  C-terminal 
domains  and  subsequent  cooperative  functions  of  these  two  domains  in  ER  transactivation 
activity.  It  also  may  allow  cooperative  interaction  between  AF-1  and  AF-2  binding 
coactivators. 

Impact  on  other  disciplines: 

The  progress  made  during  this  reporting  period  has  advanced  the  state-of-the-art  for  the  field  of 
cryo-electron  microscopy  and  should  contribute  to  further  efforts  to  apply  this  technique  to 
elucidate  the  structures  of  other  transcription  factor  complexes  and  to  possibly  understand  the 
structural  relationships  between  these  complexes  and  the  general  transcription  machinery. 

Impact  on  technology  transfer: 

Nothing  to  report. 

Impact  on  society  beyond  science  and  technology: 

Nothing  to  report. 

5.  CHANGES/PROBLEMS: 

Nothing  to  report. 

6.  PRODUCTS: 

Publications: 

Yan  F,  Yu  Y,  Chow  DC,  Palzkill  T,  Madoux  F,  Hodder  P,  Chase  P,  Griffin  PR,  O’Malley 
BW,  Lonard  DM.  Identification  of  verrucarin  a  as  a  potent  and  selective  steroid  receptor 
coactivator-3  small  molecule  inhibitor.  PLoS  One.  2014  Apr  17;9(4):e95243.  Acknowledgement 
of  federal  support:  yes 

Wang  Y,  Lonard  DM,  Yu  Y,  Chow  DC,  Palzkill  TG,  Wang  J,  Qi  R,  Matzuk  AJ,  Song  X, 
Madoux  F,  Hodder  P,  Chase  P,  Griffin  PR,  Zhou  S,  Liao  L,  Xu  J,  O'Malley  BW.  Bufalin  is  a 
potent  small-molecule  inhibitor  of  the  steroid  receptor  coactivators  SRC-3  and  SRC-1.  Cancer 
Res.  2014  Mar  1;74(5):  1506-17.  Acknowledgement  of  federal  support:  yes 
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Dasgupta  S,  Lonard  DM,  O'Malley  BW.  Nuclear  receptor  coactivators:  master  regulators  of 
human  health  and  disease.  Annu  Rev  Med.  2014;65:279-92.  Acknowledgement  of  federal 
support:  yes 

Feng  Q,  O'Malley  BW.  Nuclear  receptor  modulation  -  Role  of  coregulators  in  selective  estrogen 
receptor  modulator  (SERM)  actions.  Steroids.  2014  Jun  16.  pii:  S0039-128X(14)00147-0. 
Acknowledgement  of  federal  support:  yes 

Feng  Q,  Zhang  Z,  Shea  MJ,  Creighton  CJ,  Coarfa  C,  Hilsenbeck  SG,  Lanz  R,  He  B,  Wang  L,  Fu 
X,  Nardone  A,  Song  Y,  Bradner  J,  Mitsiades  N,  Mitsiades  CS,  Osborne  CK,  Schiff  R,  O'Malley 
BW.  An  epigenomic  approach  to  therapy  for  tamoxifen-resistant  breast  cancer.  Cell  Res.  2014 
Jul;24(7):809-19.  Acknowledgement  of  federal  support:  yes 

Website(s)  or  other  Internet  site(s): 

Nothing  to  report. 

Technologies  or  techniques: 

Nothing  to  report. 


Inventions,  patent  applications,  and/or  licenses: 

Nothing  to  report. 

Other  Products: 

Nothing  to  report. 

7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS: 

Individuals  working  on  the  project: 

1.  Bert  W.  O'Malley,  M.D.:  No  change  in  role  or  level  of  effort 

2.  Wall  Chiu,  Ph.D.:  No  change  in  role  or  level  of  effort 

3.  Dr.  Timothy  Palzkill,  Ph.D.:  No  change  in  role  or  level  of  effort 

4.  David  Lonard,  Ph.D.:  No  change  in  role  or  level  of  effort 

5.  Charles  Foulds,  Ph.D.:  No  change  in  role  or  level  of  effort 

6.  Jianming  Xu,  Ph.D.:  No  change  in  role  or  level  of  effort 

7.  Nicholas  Mitsiades,  M.D.,Ph.D:  No  change  in  role  or  level  of  effort 

8.  Yongcheng  Song,  Ph.D:  Dr.  Song  is  replacing  Dr.  Jin  Wang  in  providing  medical  chemistry  support  in 
the  generation  of  steroid  receptor  coactivator  inhibitors  at  a  level  of  10%  effort. 

9.  Dar-Chone  Chow,  Ph.D.:  No  change  in  role  or  level  of  effort 

10.  Fei  Yan,  Ph.D.:  No  change  in  role  or  level  of  effort 

1 1 .  Michael  T.  Lewis,  Ph.D.:  Dr.  Lewis  is  providing  animal  model  support  for  this  project  in  lieu  of  Dr. 
Rachel  Schiff,  Ph.D.  5%  of  Dr.  Lewis’  effort  is  supported  here. 

12.  Lei  Wang,  Ph.D.:  No  change  in  role  or  level  of  effort 

13.  Michael  Schmid,  Ph.D:  No  change  in  role  or  level  of  effort 

14.  Zhao  Wang,  Ph.D.:  No  change  in  role  of  level  of  effort 

13.  Bokai  Zhu,  Ph.D.:  Dr.  Zhu,  a  postdoctoral  fellow  in  Dr.  O’Malley’s  laboratory,  contributed 
10%  effort  to  this  project,  performing  ChIP-Seq  analyses  in  support  of  the  projects  goals. 
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14.  Anil  Panigrahi,  Ph.D.:  Dr.  Panagrahi,  an  instructor  in  Dr.  O’Malley’s  laboratory,  worked  at  a 
100%  effort  in  this  project.  He  is  investigating  estrogen  receptor  regulated  gene  expression 
using  cell-free  biolchemical  approaches  to  support  our  cryo-EM  goals. 

15.  Shrijal  Shah:  Mr.  Shah  is  a  research  assistant  hired  to  support  Dr.  Mitsiades  work  in  this 
project  and  is  contributing  100%  effort  here. 

Changes  in  active  other  support  of  the  PD/PI  or  senior/kev  personnel  since  last  reporting  period: 
Nothing  to  report. 

Other  organizations  involved  as  partners: 

Nothing  to  report. 

8.  SPECIAL  REPORTING  REQUIREMENTS: 

Nothing  to  report. 

9.  APPENDICES: 

Publications  from  Yan  et  al.,  Wang  et  al.,  Feng  et  al.,  and  Dasgupta  et  al.  are  attached  (see 
publication  list  above). 
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Abstract 

Members  of  the  steroid  receptor  coactivator  (SRC)  family  are  overexpressed  in  numerous  types  of  cancers.  In  particular, 
steroid  receptor  coactivator  3  (SRC-3)  has  been  recognized  as  a  critical  coactivator  associated  with  tumor  initiation, 
progression,  recurrence,  metastasis,  and  chemoresistance  where  it  interacts  with  multiple  nuclear  receptors  and  other 
transcription  factors  to  enhance  their  transcriptional  activities  and  facilitate  cross-talk  between  pathways  that  stimulate 
cancer  progression.  Because  of  its  central  role  as  an  integrator  of  growth  signaling  pathways,  development  of  small 
molecule  inhibitors  (SMIs)  against  SRCs  have  the  potential  to  simultaneously  disrupt  multiple  signal  transduction  networks 
and  transcription  factors  involved  in  tumor  progression.  Here,  high-throughput  screening  was  performed  to  identify 
compounds  able  to  inhibit  the  intrinsic  transcriptional  activities  of  the  three  members  of  the  SRC  family.  Verrucarin  A  was 
identified  as  a  SMI  that  can  selectively  promote  the  degradation  of  the  SRC-3  protein,  while  affecting  SRC-1  and  SRC-2  to  a 
lesser  extent  and  having  no  impact  on  CARM-1  and  p300  protein  levels.  Verrucarin  A  was  cytotoxic  toward  multiple  types  of 
cancer  cells  at  low  nanomolar  concentrations,  but  not  toward  normal  liver  cells.  Moreover,  verrucarin  A  was  able  to  inhibit 
expression  of  the  SRC-3  target  genes  MMP2  and  MMP13  and  attenuated  cancer  cell  migration.  We  found  that  verrucarin  A 
effectively  sensitized  cancer  cells  to  treatment  with  other  anti-cancer  drugs.  Binding  studies  revealed  that  verrucarin  A  does 
not  bind  directly  to  SRC-3,  suggesting  that  it  inhibits  SRC-3  through  its  interaction  with  an  upstream  effector.  In  conclusion, 
unlike  other  SRC  SMIs  characterized  by  our  laboratory  that  directly  bind  to  SRCs,  verrucarin  A  is  a  potent  and  selective  SMI 
that  blocks  SRC-3  function  through  an  indirect  mechanism. 
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Introduction 

The  pi 60  steroid  receptor  coactivator  (SRC)  family  contains 
three  members,  SRC-1  [1],  SRC-2/GRIP1/TIF2  [2,3]  and  SRC- 
37  Amplified  in  Breast  Cancer- 1  [4]  that  interact  with  multiple 
nuclear  receptors  (NRs)  and  other  transcription  factors  to  regulate 
gene  transcription.  The  N-terminus  of  SRCs  contains  a  conserved 
bHLH-PAS  (basic  Helix  Loop  Helix-Per  Arnt  Sims)  motif  [5] 
involved  in  protein -protein  interactions  [6—8].  The  central  region 
of  SRCs  contains  the  NR  interaction  domain  (RID),  including 
three  oc-helical  LXXLL  motifs  for  interaction  with  NRs  [9,10]. 
The  C -terminal  region  of  SRCs  contains  two  activation  domains 
(ADs),  ADI  and  AD2  that  interact  with  other  coactivators.  ADI 
interacts  with  p300/CBP  while  the  AD2  binds  to  two  histone 
methyltransferases  -  coactivator-associated  arginine  methyltrans- 
ferase  1  (CARM1)  and  protein  arginine  methyltransferases 
(PRMT1)  [11-14].  The  C-terminal  domain  of  SRC-1  and  SRC- 
3  also  contains  weak  HAT  activity  [15,16]. 


All  three  SRCs  have  been  implicated  as  oncoproteins.  SRC-1  is 
overexpressed  in  a  large  subset  of  breast  cancers  and  its 
overexpression  is  positively  correlated  with  poor  survival  and 
knockdown  of  SRC-1  can  inhibit  breast  cancer  cell  growth  [17]. 
Other  reports  have  implicated  SRC-1  overexpression  in  endome¬ 
trial  cancer  and  in  converting  tamoxifen  from  an  estrogen 
receptor-ot  (ERoc)  antagonist  into  an  agonist  [18,19].  SRC-2 
overexpression  has  been  linked  to  metastatic  prostate  cancer  [20] . 
However,  among  the  three  SRCs,  SRC-3  has  been  the  most 
heavily  implicated  as  an  oncoprotein.  SRC-3  overexpression  has 
been  found  in  multiple  types  of  cancers,  including  breast  [21], 
pancreatic  [22],  ovarian  [23],  gastric  [24],  prostate  [25],  and 
colorectal  carcinomas  [26].  High  SRC-3  levels  are  associated  with 
breast  cancer  recurrence  [27]  and  SRC-3  overexpression  is 
associated  with  tamoxifen  and  other  endocrine  therapy  resistance 
in  breast  cancer  patients  [27-30].  Moreover,  SRC-3  is  associated 
with  tumor  metastasis  and  recurrence  in  gastric  and  liver  cancers 
[24,31].  It  is  well  known  that  SRC-3  can  drive  tumorigenesis  by 
interacting  with  multiple  NRs  and  other  diverse  transcription 
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factors  to  enhance  their  transcriptional  activities,  including  the 
ERoc  [32],  androgen  receptor  [33],  progesterone  receptor  [34], 
thyroid  receptor  [35],  AP-1,  NF-kB,  STAT-6,  and  E2F1  [17]. 
SRC-3  overexpression  also  can  promote  spontaneous  tumor 
initiation  and  progression  in  an  animal  overexpression  model 
system  [36].  Together  these  findings  demonstrate  that  SRC-3  is  a 
key  oncoprotein  involved  in  cancer  initiation,  progression  and 
metastatic  growth,  pointing  to  its  importance  as  an  important 
target  for  therapy  [37]. 

Already,  as  a  proof-of-principle,  we  characterized  the  small 
molecule  compounds  gossypol  and  bufalin  as  SRC  small  molecule 
inhibitors  (SMIs)  [38,39].  Here,  a  high-throughput  screening  assay 
was  performed  to  identify  improved  SRC  SMIs  leading  to  the 
identification  of  verrucarin  A  as  a  potent  SRC  inhibitor  that  is 
structurally  unrelated  to  gossypol  or  bufalin.  Verrucarin  A  inhibits 
all  three  SRCs  at  higher  doses,  but  can  selectively  reduce  SRC -3 
protein  levels  at  lower  concentrations  without  impacting  C ARM- 1 
or  p300  protein  levels.  Furthermore,  verrucarin  A  showed 
cytotoxic  effects  against  various  types  of  cancer  cells  but  not 
normal  liver  cells,  and  the  potencies  for  its  cytotoxic  effects  are 
consistent  with  those  needed  to  induce  SRC -3  protein  down 
regulation.  Importantly,  we  found  that  verrucarin  A  does  not 
detectably  bind  SRC -3  at  its  effective  concentration  in  cell  culture, 
implicating  an  upstream  effector  of  SRC -3  as  a  likely  target  of  this 
compound. 

Materials  and  Methods 

Chemicals,  reagents  and  antibodies 

Verrucarin  A,  gemcitabine,  docetaxel,  tamoxifen,  and  paclitaxel 
were  obtained  from  Sigma-Aldrich  (St.  Fouis,  MO,  USA)  and 
dissolved  in  DMSO.  Gefitinib  and  BEZ235  were  purchased  from 
Selleck  Chemicals  (Houston,  TX,  USA).  Estradiol  (E2)  was 
purchased  from  Sigma  and  dissolved  in  ethanol.  SRC-1  and 
SRC-3  antibodies  were  purchased  from  Cell  Signaling  Technol¬ 
ogy  (Danvers,  MA,  USA)  and  CARM1  and  SRC-2  antibodies 
were  purchased  from  Bethyl  Faboratories  (Montgomery,  TX, 
USA).  (3-actin  and  p300  antibodies  were  obtained  from  Santa 
Cruz  Biotechnology  (Santa  Cruz,  CA,  USA).  Fipofectamine  2000 
was  purchased  from  Invitrogen  (Carlsbad,  CA,  USA). 

Cell  culture 

All  human  cancer  cell  lines  were  obtained  from  the  American 
Type  Culture  Collection  (Manassas,  VA,  USA),  cultured  in 
DMEM  (HeFa  and  MCF-7),  RPMI-1640  (A549  and  HI 299), 
DMEM/F12  (PC-3),  or  MEM  (HepG2),  supplemented  with  10% 
fetal  bovine  serum  (Invitrogen),  100  units/mF  penicillin  and 
100  pg/mF  streptomycin  (Invitrogen),  in  a  5%  C02  humidified 
atmosphere  at  37°C.  Primary  mouse  hepatocytes  were  isolated  as 
previously  described  [39]. 

1,536-well  plate  SRC-1  and  SRC-3  HTS  assays 

A  detailed  protocol  for  the  HTS  screening  assay  can  be  found 
on  the  PubChem  Bioassay  website  (http://pubchem.ncbi.nlm.nih. 
gov/ assay/ assay.  cgi?aid  =  58835  7&loc  =  ea_ras). 

Cell  viability  assay 

Cancer  cell  lines  were  plated  into  96-well  plates  at  a  density  of 
4xl03  cells/ 100  pF  medium  per  well.  After  adherence,  cells  were 
treated  with  various  concentrations  of  verrucarin  A  individually  or 
in  combination  with  other  anti-cancer  drugs  for  72  h,  with  DMSO 
vehicle  as  a  control.  After  treatment,  relative  numbers  of  viable 
cells  were  measured  using  the  Cell  Titer  96  Aqueous  One  Solution 
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Cell  Proliferation  Kit  (Promega,  Madison,  WI)  according  to 
previous  described  [40]. 

Luciferase  reporter  assay 

Fuciferase  assays  were  performed  as  previously  described  [41]. 
For  coactivator  intrinsic  activity  assays,  the  pG5-FUC  GAF4- 
responsive  reporter  plasmid  (Promega)  was  co-transfected  along 
with  mammalian  expression  vectors  encoding  full  length  SRCs 
fused  to  the  DNA-binding  domain  of  GAF4  (pBIND-SRC-1, 
pBIND-SRC-2  and  pBIND-SRC-3).  For  ERa/SRC  coactivator 
assays,  an  estrogen-responsive  reporter  construct  (pERE-Elb- 
FUC)  was  cotransfected  along  with  mammalian  expression  vectors 
for  ERoc(pCR3.1-hERoc)  and  SRCs  (pCR3.1-SRC-l,  pCR3.1- 
SRC-2  or  pCR3. 1 -SRC-3).  Briefly,  cells  were  seeded  in  a  24-well 
plate  and  transfected  with  expression  vectors  for  ERot,  SRC  or 
GAF4  DNA  binding  domain-SRC  fusion  proteins  along  with 
appropriate  luciferase  reporter  plasmids.  Twenty-four  hours  after 
transfection,  cells  were  treated  with  various  concentrations  of 
verrucarin  A  for  an  additional  24  h.  After  treatment,  cells  were 
lysed  and  then  luciferase  activities  were  measured  according  to  the 
manufacturer’s  protocol  (Promega). 

Immunoblot  analysis 

Cell  lysates  were  loaded  with  equal  amounts  of  protein  onto  4- 
15%  SDS-polyacrylamide  gels,  electrophoresed  and  transferred  to 
PVDF  membranes  (Bio-Rad,  Hercules,  CA,  USA).  Membranes 
were  blocked  for  1  h  in  TBS-Tween-20  containing  5%  non-fat 
milk  and  then  incubated  with  primary  antibodies  at  4°C  overnight. 
After  washing,  the  blots  were  incubated  with  horseradish 
peroxidase  (HRP)-linked  secondary  antibodies  (Cell  Signaling)  at 
room  temperature  for  1  h.  The  blots  were  visualized  with 
SuperSignal  West  Pico  Chemiluminescent  Substrate  (Thermo 
Fisher  Scientific,  Rockford,  IF,  USA)  according  to  the  manufac¬ 
turer’s  instructions. 

Quantitative  PCR  analysis 

Quantitative  PCR  assay  was  performed  as  previously  described 
[42].  Briefly,  total  RNA  was  isolated  from  cells  using  the  RNeasy 
mini  kit  (QIAGEN,  Valencia,  CA,  USA).  RNA  was  converted  to 
cDNA  with  a  Reverse  Transcription  System  (Promega)  according 
to  the  manufacturer’s  instructions.  Quantitative  polymerase  chain 
reaction  (QPCR)  transcript  level  determination  was  performed 
using  a  SYBR  Green  PCR  Master  Mix  (Fife  Technologies,  Grand 
Island,  NY,  USA)  and  an  ABI  Prism  7700  sequence  detection 
system  (Fife  Technologies).  The  specific  primers  for  QPCR  were 
chosen  using  the  PrimerBank  website  (http://pga.mgh.harvard. 
edu/primerbank/index.html)  indicated  below: 

5'-  AATGAATACGAGCGTCTACAGC-3' 
and  5'-  TTTCGTCGTGTTGCCTCTTGA-3'  for  SRC-1,  5'- 
TGGGGCCTATGATGCTTGAG-3' 

5'-  AGACGGGAGCAGGAAAGTAAA-3' 

and  5'-  GTAAAAGCGGTCCTAAGGAGTC-3'  for  SRC-3, 
5'-  GGAGCGAGATCCCTCCAAAAT-3' 

and  5'-  GGCTGTTGTCATACTTCTCATGG-3'  for  GAP- 
DH. 

The  specific  primers  for  MMP-2  and  MMP-13  QPCR  were 
from  previously  described  [43] : 

5'-  T GAGC TC C C GGAAAAG ATT G- 3 ' 
and  5'-  TCAGCAGCCTAGCCAGTCG-3 '  for  MMP-2,  5'- 
GCAGTCTTTCTTCGGCTTAG-3' 
and  5'-  C AGGGTCCTTGGAGTGGTC A-3 '  for  MMP-13. 
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Figure  1.  Verrucarin  A  reduces  the  transcriptional  activities  of  SRCs  in  HeLa  cells.  (A)  Chemical  structure  of  verrucarin  A.  (B)  Verrucarin  A 
inhibits  pBIND-SRC  luciferase  activity.  HeLa  cells  were  transiently  cotransfected  with  expression  vectors  for  pBIND-SRC-1,  pBIND-SRC-2  or  pBIND-SRC- 
3  and  the  GAL4-responsive  pGL5  reporter  plasmid  before  incubation  with  verrucarin  A  at  different  concentrations  (0,  1,  2,  5,  and  10  nM)  for  24  h, 
followed  by  luciferase  assay.  Empty  pBIND  vector  was  transfected  as  a  negative  control.  (C)  Verrucarin  A  inhibits  SRC  coactivation  of  ERa.  Luciferase 
assays  were  performed  in  HeLa  cells  transiently  transfected  with  an  ERE-luc  reporter  vector  and  expression  vectors  for  ERa,  and  pCR3.1-SRC  before 
incubation  with  10  nM  E2  and  verrucarin  A  at  different  concentrations  (0,  2,  5,  and  10  nM)  for  24  h. 
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Fluorescence  spectrometry  assay 

This  assay  was  performed  as  previously  described  [39] .  Briefly, 
the  GST  fusion  proteins  of  three  SRC-3  fragments  were  expressed 
and  purified.  Fluorescence  spectrometric  assays  were  performed 
using  an  Agilent  Gary  fluorescence  spectrometer  (Agilent  Tech¬ 
nologies  Inc.,  Santa  Clara,  CA).  GST-SRC-3  GST-bHLH,  GST- 
RID,  or  GST-CID  protein  was  added  in  a  fluorescence  cuvette. 
After  addition  of  verrucarin  A  or  DMSO  as  a  negative  control,  the 
protein  samples  were  excited  by  UV  light  at  a  wavelength  of 
278  nm  with  a  2-nm  bandwidth,  and  the  emission  spectrum  was 
recorded  from  295  nm  to  above  400  nm  with  a  bandwidth  of 
4  nm.  The  peak  fluorescence  intensity  was  306  nm  for  GST- 
bHLH  and  GST-CID,  and  338  nm  for  GST-RID.  Gossypol  and 
bufalin,  two  published  inhibitors  of  SRC- 3,  were  used  as  positive 
controls  for  this  assay. 

Wound  healing  assay 

Cells  were  grown  in  24-well  plates  to  confluence  and  then  a 
“wound”  was  created  by  scratching  the  cell  monolayer  using  a 
pipette  tip.  Cells  were  treated  with  verrucarin  A  for  18  h.  Photo 
documentation  was  taken  at  the  zero  time  point  and  the  1 8  h  time 
point  after  wounding  for  three  independent  experiments. 

Statistical  analysis 

The  Student’s  t-test  was  used  to  compare  the  significance  of  the 
differences  between  two  groups  of  data.  A  value  of  P<0.05  was 
regarded  as  indicating  a  significant  difference. 


Results 

Identification  of  verrucarin  A  as  a  SRC  SMI 

A  high  throughput  luciferase  assay-based  screen  of  a  MLPCN 
chemical  library  with  359,484  compounds  [38,44]  was  performed 
to  identify  compounds  capable  of  inhibiting  the  intrinsic 
transcriptional  activities  of  SRC-3  (PubChem  AID:588362), 
SRC-1  (PubChem  AID:588354)  and  SRC-2  (PubChem 
AID:651957).  Compounds  were  assayed  by  measuring  luciferase 
expression  from  cells  transiently  transfected  with  a  GAL4 
responsive  luciferase  reporter  (pG5-LUC)  and  an  expression 
vector  for  either  a  GAL4  DNA  binding  (DBD)  or  GAL4  DBD 
SRC-1,  SRC-2  and  SRC-3  fusion  proteins.  Those  compounds  that 
blocked  luciferase  activity  greater  than  3a  over  DMSO  were 
scored  as  SMI  hits.  In  our  primary  screens,  the  transfected 
HEK293  cells  were  treated  with  test  compounds  at  a  concentra¬ 
tion  of  3.6  pM  in  0.36%  DMSO  for  SRC-1  and  SRC-3  or  8.9  pM 
for  SRC-2.  3.6  pM  gossypol  was  used  as  a  positive  control  which 
was  able  to  elicit  100%  inhibition.  Based  upon  a  3a  cut-off,  428 
out  of  359,498  (0.12%)  compounds  were  able  to  inhibit  SRC-1, 
620  out  of  359,245  (0.17%)  compounds  were  able  to  inhibit  SRC- 
2  and  621  out  of  359,484  compounds  inhibited  SRC-3  (0.17%).  A 
summary  of  SRC  inhibitor  screening  results  is  shown  in  Table  SI. 

Verrucarin  A  was  identified  from  these  screens  (Fig.  1A), 
belonging  to  a  group  of  sesquiterpene  toxins,  derived  from  the 
pathogenic  fungus  Myrothecium  verrucaria  often  found  in  infected 
food  grains  (Fig.  1A).  Verrucarin  A  has  been  shown  to  be  cytotoxic 
at  sufficient  levels  and  a  variety  of  mechanisms  have  been 
proposed  for  its  biological  activity.  As  one  example,  it  has  been 
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Figure  2.  Verrucarin  A  selectively  reduces  SRC-3  protein  levels  while  it  does  not  reduce  CARM-1  and  p300  protein  levels.  (A-B)  A549 
cells  were  treated  with  verrucarin  A  at  different  concentrations  (0,  10,  20,  50,  100,  and  200  nM)  for  24  h,  then  Western  analysis  was  performed  to 
quantitate  SRC-1,  SRC-2,  SRC-3,  CARM1,  and  p300  proteins. 
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shown  to  inhibit  protein  synthesis  by  preventing  peptidyl 
transferase  activity  [45].  Verrucarin  A  also  can  trigger  a  ROS- 
mediated  intrinsic  mechanism  of  apoptosis  [46],  and  can  induce 
TRAIL-induced  apoptosis  by  eIF2ot/CHOP-dependent  DR5 
induction  via  ROS  generation  [47].  Jayasooriya  et  al.  showed  that 
verrucarin  A  enhances  TNF-a-induced  apoptosis  via  NF-kB- 
dependent  Fas  overexpression  [48,49].  Although,  the  predominant 
mechanism  of  verrucarin  A-induced  cell  growth  inhibition  remains 
unclear,  it  and  its  derivatives  are  considered  to  be  potentially 
useful  anticancer  agents  [46,48,50]. 

To  confirm  the  ability  of  verrucarin  A  to  inhibit  SRGs  as  seen  in 
our  primary  screens,  HeLa  cells  were  transiently  cotransfected 
with  expression  vectors  for  GAL4-DBD-SRCs  (pBIND-SRCs)  and 
a  GAL4-responsive  luciferase  reporter  (pGL5)  plasmid  before 
incubation  with  verrucarin  A  at  various  concentrations  (0,  1,  2,  5, 
and  10  nM)  for  24  h.  Verrucarin  A  inhibited  GAL4-responsive 
luciferase  reporter  activity  of  all  SRCs  in  a  dose-dependent 
manner  (Fig.  IB).  Furthermore,  to  evaluate  SRG  coactivator 
activities  on  a  NR,  HeLa  cells  were  transfected  with  an  estrogen 
response  element  (ERE)  containing  reporter  gene  and  expression 
vectors  for  ERoc,  and  SRC-1,  SRC-2  and  SRC-3.  Twenty-four 
hours  after  transfection,  cells  were  incubated  with  10  nM  E2  and 
verrucarin  A  at  the  indicated  concentrations  (0,  2,  5,  and  10  nM) 
for  24  h  followed  by  luciferase  assays.  These  results  indicate  that 
verrucarin  A  can  block  SRC  mediated  coactivation  of  ERoc 
consistent  with  its  ability  to  inhibit  coactivator  intrinsic  transcrip¬ 
tional  activity  (Fig.  1C). 

Verrucarin  A  selectively  reduces  SRC-3  protein  levels 

Since  verrucarin  A  inhibits  the  transcriptional  activities  of  all 
three  SRCs,  we  wished  to  investigate  if  this  was  due  to 
downregulation  of  protein  expression  of  SRCs  as  we  have 
observed  for  gossypol  and  bufalin  [38,39].  A549  cells  were  treated 
with  verrucarin  A  at  various  concentrations  (0,  10,  20,  50,  100, 
and  200  nM)  for  24  h,  then  protein  levels  for  SRC-1,  SRC-2,  and 
SRC-3  were  determined  by  Western  analysis.  Verrucarin  A 
treatment  was  able  to  reduce  SRC -3  protein  expression  by  90%  at 
10  nM,  but  reduced  SRC-2  and  SRC-1  to  a  smaller  extent  and 
only  at  much  higher  doses  (Fig.  2 A).  Moreover,  verrucarin  A 


treatment  did  not  reduce  protein  levels  of  CARM-1  and  p300 
(Fig.  2B).  Verrucarin  A  also  reduced  SRC-3  protein  levels  in  other 
cancer  cells,  such  as  LNCaP,  PC-3,  and  MCF-7  cell  lines  (Fig.  SI). 
These  data  suggest  that  verrucarin  A  can  selectively  reduce  levels 
of  SRC -3  at  low  nanomolar  concentrations. 

Verrucarin  A  is  selectively  cytotoxic  to  cancer  cells 

To  test  if  verrucarin  A-mediated  downregulation  of  SRC-3 
corresponds  with  cell  growth  inhibition,  MCF-7,  A549,  HI 299, 
and  PC -3  cancer  cells  were  treated  with  verrucarin  A  at  different 
concentrations  (0,  0.2,  0.5,  1,  2,  5,  10,  and  20  nM)  for  72  h  and 
cell  growth  was  determined  by  MTS  assay.  All  four  of  these  cell 
lines  were  sensitive  to  verrucarin  A,  with  IC50  values  ranging 
from  4  to  8  nM  (Fig.  3 A).  To  investigate  whether  verrucarin  A 
has  cytotoxic  effects  on  non-immortalized,  non-transformed  cells, 
we  tested  the  cytotoxic  effects  of  verrucarin  A  on  hepatocellular 
HepG2  carcinoma  cells  and  compared  them  against  mouse 
primary  hepatocytes.  HepG2  cells  and  mouse  primary  hepato- 
cytes  were  treated  with  verrucarin  A  at  different  concentrations 
for  48  h,  followed  by  MTS  assays.  We  found  that  like  other 
cancer  cell  lines,  HepG2  cells  were  sensitive  to  verrucarin  A,  with 
an  IC50  value  of  4.90  nM.  In  contrast,  mouse  primary 
hepatocytes  still  can  survive  even  with  verrucarin  A  concentra¬ 
tions  as  high  as  a  200  nM  (Fig.  3B).  Moreover,  A549  cells  were 
treated  with  verrucarin  A  at  different  concentrations  (0,  1,  2,  5, 
10,  and  20  nM)  for  72  h,  followed  by  determination  of  SRC-3 
protein  levels  (Fig.  S2).  Compared  with  the  results  of  verrucarin  A 
inhibiting  A549  cell  growth,  verrucarin  A  inhibits  cancer  cell 
viability  with  potencies  in  line  with  its  ability  to  downregulate 
SRC-3  protein  levels  (Fig.  3C). 

Verrucarin  A  inhibits  SRC-3  downstream  target  gene 
(MMP-2  and  MMP-13)  expression 

Above,  we  demonstrated  that  verrucarin  A  reduces  cellular 
SRC-3  protein.  To  investigate  if  verrucarin  A  regulates  SRC-3 
downstream  target  gene  expression  (MMP2  and  MMP13),  HeLa 
cells  were  transiently  transfected  with  MMP2-Luc  or  MMP13- 
Luc  reporter  constructs  and  an  SRC-3  expression  vector  before 
incubation  with  verrucarin  A  at  different  concentrations  (0,  2,  5, 
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Figure  3.  Verrucarin  A  can  selectively  kill  cancer,  but  not  normal  cells.  (A)  Verrucarin  A  can  kill  a  variety  of  cancer  cells.  MCF-7,  A549,  HI  299, 
and  PC-3  cells  were  treated  with  verrucarin  A  at  different  concentrations  (0,  0.2,  0.5, 1,  2,  5, 10,  and  20  nM)  for  72  h,  followed  by  MTS  assay.  (B)  HepG2 
cells  are  sensitive  to  verrucarin  A,  but  primary  hepatocytes  are  not.  HepG2  cells  were  treated  with  verrucarin  A  at  different  concentrations  (0,  0.2,  0.5, 
1,  2,  5,  10,  and  20  nM)  for  48  h.  Primary  hepatocytes  were  treated  with  verrucarin  A  at  different  concentrations  (0,  2,  5,  10,  20,  50,  100,  and  200  nM) 
for  48  h,  followed  by  MTS  assay.  (C)  Verrucarin  A  inhibits  cancer  cell  viabilities  with  potencies  in  line  with  its  ability  to  down  regulate  SRC-3  protein 
levels. 
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and  10  nM)  for  24  h,  followed  by  luciferase  assays  [43]. 
Verrucarin  A  reduced  luciferase  expression  driven  from  the 
MMP2  and  MMP13  reporter  genes  (Fig.  4A).  To  assess  the 
impact  on  endogenous  MMP2  and  MMP13  genes,  HI 299  cells 
were  treated  with  verrucarin  A  for  24  h,  then  real-time  PCR  was 
performed  to  assess  SRC-1,  SRC-2,  SRC-3,  MMP2,  and 
MMP13  mRNA  expression.  Verrucarin  A  inhibited  MMP2  and 
MMP13  mRNA  expression,  consistent  with  what  was  observed  in 
the  reporter  gene  assays  (Fig.  4B).  Notably,  the  mRNA  levels  of 
for  each  of  the  three  SRCs  (Fig.  4C)  were  not  downregulated, 
suggesting  that  verrucarin  A  reduces  SRC -3  protein  levels 
through  a  posttranscrip tional  mechanism.  To  explore  the  kinetics 
of  verrucarin  A  on  promoting  SRC -3  protein  downregulation,  a 
time-course  analysis  was  performed.  A549  cells  were  treated  with 
20  nM  verrucarin  A  at  a  series  of  time  points  (0,  0.5,  1,  2,  4,  and 
6  h)  and  then  SRC -3  protein  levels  were  examined  by  Western 
analysis.  As  shown  in  Fig.  S3,  a  decrease  in  SRC -3  protein  was 
observed  2  h  after  administration  of  verrucarin  A. 


Verrucarin  A  inhibits  HI 299  cell  migration 

Previous  studies  have  demonstrated  that  SRC -3  plays  important 
roles  in  tumor  initiation  and  expansion,  and  functions  as  a  critical 
coactivator  that  drives  tumor  cell  invasion  and  metastasis 
[43,51,52].  To  evaluate  whether  verrucarin  A  can  block  cell 
motility  concomitantly  with  inhibition  of  SRC-3,  HI  299  cells  were 
plated  into  24-well  plates  and  treated  with  verrucarin  A  for  18  h 
and  cell  motility  was  determined  using  a  wound  healing  assay  (see 
Materials  and  Methods).  As  shown  in  Fig.  5,  HI 299  cell  migration 
was  attenuated  by  verrucarin  A. 

Verrucarin  A's  SMI  mechanism  of  action  does  not  involve 
direct  binding  to  SRC-3 

Next,  we  sought  to  determine  if  verrucarin  A  physically 
interacts  with  SRC-3.  We  examined  the  ability  of  verrucarin  A  to 
quench  the  intrinsic  fluorescence  of  different  portions  of  the 
SRC-3  protein.  The  fluorescence  emission  maximum  of  gluta¬ 
thione  S-transferase  (GST)  SRC-3  RID  at  330  nm  was  not 
quenched  by  verrucarin  A  at  concentrations  below  1 0  mM  which 
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A  B 


Figure  4.  Verrucarin  A  inhibits  SRC-3  downstream  target  gene  (MMP2  and  MMP13)  expression.  (A-B)  Luciferase  assays  were  performed 
in  HeLa  cells  transiently  transfected  with  MMP2-Luc,  MMP13-Luc,  and  pCR3.1 -SRC-3  expression  vectors  before  incubation  with  verrucarin  A  at 
different  concentrations  (0,  2,  5,  and  10  nM)  for  24  h.  (C)  HI  299  cells  were  treated  with  verrucarin  A  at  different  concentrations  (0,  10,  and  20  nM)  for 
24  h,  then  real-time  PCR  was  performed  to  quantitate  SRC-1,  SRC-2,  SRC-3,  MMP2,  and  MMP13  mRNA  expression. 
doi:1 0.1 371 /journal. pone.0095243.g004 


is  well  beyond  its  effective  concentration  in  cell  culture  (data  not 
shown).  The  ability  of  verrucarin  A  to  quench  the  fluorescence  of 
the  GST  SRC-3  CBP  interaction  domain  (CID)  and  basic 


helix-loop-helix  (bHLH)  constructs  were  similarly  evaluated  and 
no  nanomolar  affinity  binding  was  observed  (data  not  shown). 
These  data  point  to  the  likelihood  that  verrucarin  A  does  not 
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DMSO 
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Figure  5.  Verrucarin  A  inhibits  HI 299  cell  migration.  HI 299  cells  were  plated  into  24-well  plates  and  treated  with  verrucarin  A  for  18  h  for 

wound  healing  assay  analysis. 
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Figure  6.  Verrucarin  A  increases  cancer  cell  chemosensitivity  to  other  anti-cancer  drugs.  (A-D)  A549  cells  were  treated  with  verrucarin  A 
in  combination  with  gefitinib,  BEZ235,  gemcitabine,  or  docetaxel.  (E)  T-47D  cells  were  treated  with  verrucarin  A  in  combination  with  tamoxifen.  (F) 
MDA-MB-231  cells  were  treated  with  verrucarin  A  in  combination  with  paclitaxel.  All  cells  were  treated  for  72  h,  followed  by  MTS  assay. 
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inhibit  SRC-3  by  directly  binding  to  SRC-3,  but  instead 
influences  the  function  of  an  upstream  mediator  of  SRC -3 
function  and  protein  stability. 

Verrucarin  A  increases  cancer  cell  chemosensitivity  to 
other  anti-cancer  drugs 

Numerous  studies  have  revealed  that  SRC-3  is  an  integrator  of 
growth  promoting  signaling  pathways  including  the  EGFR,  HER2 
and  NR  signaling  pathways  and  that  SRC -3  contributes  to 
chemoresistance  when  it  is  overexpressed  [30,53].  Therefore,  it  is 
expected  that  inhibition  of  SRC -3  should  sensitize  cancer  cells  to 
anti-cancer  drugs  by  simultaneously  blocking  multiple  growth 
signaling  pathways.  First,  we  examined  the  inhibitory  effects  of 
verrucarin  A  on  cell  viability  in  combination  with  four  widely-used 
chemotherapeutic  drugs  (docetaxel,  gemcitabine,  BEZ235,  and 


gefitinib)  to  block  cell  growth  in  A549  lung  cancer  cells.  Treating 
A549  cells  with  gefitinib  alone  at  concentrations  ranging  from 
5  pM  to  20  pM,  BEZ235  from  20  nM  to  100  nM,  gemcitabine  of 
50  nM  and  100  nM,  or  docetaxel  at  20  nM  had  no  observable 
effects  on  cell  viability.  However,  when  combined  with  2  nM  or 
5  nM  verrucarin  A,  the  four  anti-cancer  drugs  all  inhibited  cell 
growth  in  a  dose-dependent  manner  (Fig.  6 AND).  Next,  we 
evaluated  the  synergistic  effects  of  paclitaxel  and  tamoxifen  in 
combination  with  verrucarin  A  on  breast  cancer  cell  viability. 
Exposure  to  a  low  concentration  of  verrucarin  A  significantly 
sensitized  T-47D  and  MDA-MB-231  cells  to  tamoxifen  and 
paclitaxel,  respectively  (Fig.  6E  and  F).  These  results  are  consistent 
with  SRC-3 's  role  as  an  integrator  of  multiple  growth  factor 
signaling  cascades  and  that  its  partial  inhibition  with  verrucarin  A 
can  effectively  increase  cancer  cell  chemosensitivity  to  other  anti¬ 
cancer  drugs. 
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Discussion 

SRC -3  overexpression  has  been  demonstrated  in  a  wide  range 
of  cancers  as  discussed  above.  As  a  coactivator  for  NRs  and  many 
other  transcription  factors,  SRC-3  simultaneously  drives  the 
activity  of  multiple  cellular  signal  transduction  pathways.  Cur¬ 
rently,  most  targeted  cancer  drugs  typically  only  block  a  single 
target  or  signaling  pathway,  and  their  clinical  efficacy  is  frequently 
limited.  Cancer  cells  typically  acquire  resistance  to  individual 
anticancer  agents  by  the  activation  of  alternative,  escape  growth 
pathways.  For  example,  the  PI3K-Akt  pathways  are  commonly 
activated  in  ER  positive  breast  cancer  cells  and  can  promote  cell 
growth  and  confer  resistance  to  tamoxifen  [54].  However,  the 
response  of  breast  cancers  to  chronic  PI3K-Akt  inhibition  is  often 
limited  [55],  suggesting  that  additional  growth  factor  escape 
pathways  are  activated.  SRC-3  is  a  central  integrator  of  multiple 
steroid  hormone  and  hormone-independent  signal  transduction 
pathways,  including  the  IGF-l/Akt  [56,57],  NF-kB  [58],  EGFR 
[59],  E2F1  [60,61],  and  MAPK  signal  pathways  [62,63]. 
Therefore,  SMIs  that  can  disrupt  SRC -3  function  should 
simultaneously  prevent  the  activation  of  such  a  large  breadth  of 
growth  pathways  that  underlie  critical  steps  in  cancer  initiation, 
expansion,  metastasis,  and  chemoresistance,  that  the  cancer  cell 
would  be  less  able  to  overcome  resistance  to  a  SRC-3  SMI. 

While  the  characterization  of  gossypol  as  a  SRC  SMI  [39] 
validated  the  concept  that  SRCs  could  be  targeted  with  a  SMI, 
limitations  in  its  potency  provided  the  impetus  for  us  to  pursue 
high  throughput  screening  to  identify  improved  SRC  SMIs,  this 
ultimately  led  to  the  identification  of  improved  SMIs  such  as 
bufalin  [38]  and  verrucarin  A.  We  showed  that  gossypol  can 
reduce  cellular  protein  concentrations  of  SRC-1  and  SRC-3, 
without  altering  protein  expression  of  SRC -2,  or  other  coactiva¬ 
tors,  such  as  p300  and  CARM1  [39]  but  only  at  concentrations  of 
5  pM  which  are  not  achievable  in  vivo.  In  this  study,  we  found  that 
verrucarin  A  can  degrade  90%  of  SRC-3  protein  expression  at  a 
10  nM  concentration,  and  about  50%  of  SRC-1  and  SRC-2 
proteins  at  200  nM  (Fig.  2A).  Additionally,  verrucarin  A  did  not 
downregulate  protein  levels  of  other  coactivators  such  as  C  ARM- 1 
and  p300  (Fig.  2B).  Importantly,  chemotherapeutic  agents  should 
be  able  to  selectively  kill  tumor  cells  while  not  affecting  normal 
cells  and  we  found  that  it  kills  hepatocellular  carcinoma  HepG2 
cells  but  not  primary  hepatocytes  (Fig.  3B).  Based  on  these 
findings,  verrucarin  A  has  promising  selectivity  toward  tumor  cells, 
pointing  to  itself  and  its  derivatives  as  candidate  SMIs  for  further 
development  as  anti-cancer  agents. 
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In  conclusion,  we  have  idendfied  verrucarin  A  as  a  potent, 
SRC-3-selecitve  SMI.  Clinical  experience  has  demonstrated  that 
combination  chemotherapy  regimens  designed  to  target  two 
distinct  tumor  growth  pathways  are  often  more  effective  than 
monotherapy,  but  even  in  these  instances,  poor  response  is  often 
observed.  We  posit  that  this  is  due  to  the  existence  of  a  breadth  of 
additional  growth  factor  pathways  available  to  the  cancer  cell. 
Because  SRC -3  coactivates  such  a  broad  number  of  signaling 
pathways  involved  in  cancer  initiation,  proliferation,  motility  and 
invasion,  it  stands  out  as  a  novel  but  promising  target  to  combat 
chemoresistance.  We  also  show  that  consistent  with  this  idea, 
verrucarin  A  was  able  to  sensitize  cancer  cells  to  a  variety  of 
established  cancer  drugs,  highlighting  the  potential  for  SRC -3  as  a 
key  target  for  advanced,  therapy-resistant  cancers. 
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Figure  SI  Verrucarin  A  inhibits  SRC-3  protein  expres¬ 
sion,  but  does  not  significantly  reduce  CARM1  and  p300 
protein  expression  in  PC-3,  LNCaP,  and  MCF-7  cells. 

Cells  were  treated  with  the  indicated  concentrations  of  verrucarin 
A  for  24  h. 

(TIF) 

Figure  S2  Verrucarin  A  downregulates  SRC-3  protein 
expression  in  A549  cells.  Cells  were  treated  with  the  indicated 
concentrations  of  verrucarin  A  for  72  h  and  cell  lysates  were 
analyzed  by  Western  blotting. 

(TIF) 

Figure  S3  Verrucarin  A  induces  SRC-3  protein  degra¬ 
dation  in  lung  cancer  cells.  A549  cells  were  treated  with 
20  nM  verrucarin  A  at  the  indicated  time  points  (0,  0.5,  1,  2,  4, 
and  6  h),  and  then  SRC-3  protein  levels  were  examined  by 
Western  analysis. 

(TIF) 
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Abstract 

Virtually  all  transcription  factors  partner  with  coactivators  that  recruit  chromatin  remodeling  factors  and 
interact  with  the  basal  transcription  machinery.  Coactivators  have  been  implicated  in  cancer  cell  proliferation, 
invasion,  and  metastasis,  including  the  pl60  steroid  receptor  coactivator  (SRC)  family  composed  of  SRC-1 
(NCOA1),  SRC-2  (TIF2/GRIP1/NCOA2),  and  SRC-3  (AIB1/ACTR/NCOA3).  Given  their  broad  involvement  in  many 
cancers,  they  represent  candidate  molecular  targets  for  new  chemotherapeutics.  Here,  we  report  on  the  results  of 
a  high-throughput  screening  effort  that  identified  the  cardiac  glycoside  bufalin  as  a  potent  small-molecule 
inhibitor  for  SRC-3  and  SRC-1.  Bufalin  strongly  promoted  SRC-3  protein  degradation  and  was  able  to  block  cancer 
cell  growth  at  nanomolar  concentrations.  When  incorporated  into  a  nanoparticle  delivery  system,  bufalin  was 
able  to  reduce  tumor  growth  in  a  mouse  xenograft  model  of  breast  cancer.  Our  work  identifies  bufalin  as  a 
potentially  broad-spectrum  small-molecule  inhibitor  for  cancer.  Cancer  Res;  74(5);  1506-17.  ©2014  AACR. 


Introduction 

The  steroid  receptor  coactivator  (SRC)  family  comprises 
three  members,  SRC-1  (NCOA1;  ref.  1),  SRC-2  (NCOA2;  refs.  2, 
3),  and  SRC-3  (NCOA3;  refs.  4-7).  Numerous  studies  have 
established  broad  molecular  and  physiologic  roles  for  the  SRC 
family  in  activating  nuclear  receptor-mediated  gene  expres¬ 
sion  (8).  Besides  nuclear  receptors,  they  also  coactivate  other 
transcriptional  factors,  including  NF-kB  (NFKB1)-,  E2F1-,  and 
insulin-like  growth  factor  I  (IGF-I)-dependent  transcriptional 
factors  (9-11).  The  expansive  roles  that  they  play  in  mediating 
gene  expression  is  consistent  with  a  breadth  of  studies  pointing 
to  their  regulation  of  diverse  physiologic  and  pathophysiologic 
processes,  including  cancers  in  which  they  are  frequently 
overexpressed  (8). 

Among  the  SRCs,  SRC-3  has  been  the  family  member  most 
prominently  linked  to  a  wide  variety  of  cancers.  SRC-3  over¬ 
expression  in  the  mouse  mammary  gland  leads  to  spontaneous 
tumor  formation  (12).  In  contrast,  loss  of  SRC-3  suppressed 
oncogene-  and  carcinogen-induced  breast  cancer  initiation, 
progression,  and  metastasis  in  mouse  tumor  models  (13, 14).  In 
humans,  SRC-3  gene  amplification  has  been  found  in  9.5% 
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breast  cancers  and  the  mRNA  for  SRC-3  is  overexpressed  64% 
of  the  time  (4).  Clinical  and  preclinical  studies  have  shown  that 
overexpression  of  SRC-3  and  SRC-1  is  linked  to  resistance  to 
endocrine  therapies  in  breast  cancers.  For  instance,  high 
expression  of  SRC-3,  especially  conjunction  with  high  levels 
of  EGF  receptor  (EGFR)  and  HER2  (ERBB2),  is  associated  with 
poor  outcome  and  recurrence  after  tamoxifen  treatment  (15). 
In  ERBB2-overexpressing  breast  cancer  cells,  overexpression  of 
SRC-3  also  contributes  to  resistance  against  the  ERBB2-target- 
ing  drug  trastuzumab  (Herceptin;  ref.  16).  SRC-3  overexpres¬ 
sion  has  also  been  observed  in  a  wide  range  of  other  cancers, 
including  ovarian  (17),  endometrial  (18),  prostate  (19, 20),  liver 
(21),  pancreatic  (22),  colorectal  (23),  and  lung  cancers  (24). 

SRC-1  has  also  been  clearly  implicated  in  cancer  progres¬ 
sion.  In  a  mouse  mammary  tumor  virus  polyoma  middle  T 
(MMTV-PyMT)  model  system,  loss  of  SRC-1  markedly  reduces 
tumor  cell  metastasis  (25).  Consistent  with  this,  elevated  SRC-1 
expression  has  been  reported  in  approximately  20%  of  primary 
human  breast  cancers,  with  higher  expression  positively  cor¬ 
relating  with  disease  recurrence  and  poor  survival  (26,  27).  A 
positive  association  between  high  SRC-1  expression  and  tumor 
recurrence  in  patients  with  breast  cancer  who  received  tamox¬ 
ifen  therapy  has  also  been  reported  (26,  27). 

Considering  the  ability  of  SRC  coactivators  to  activate 
multiple  growth  factor  signaling  pathways  that  drive  cancer 
cell  growth  and  promote  resistance  to  endocrine  therapy,  SRC 
small-molecule  inhibitors  (SMI)  are  anticipated  to  be  effective 
new  agents  to  treat  cancer.  In  an  initial  "proof-of-principle" 
study,  we  recently  showed  that  gossypol  is  able  to  inhibit  SRC-3 
and  SRC-1  (28),  demonstrating  that  these  oncogenic  coacti¬ 
vators  are  a  class  of  accessible  targets  for  SMI-based  chemo¬ 
therapy.  This  work  established  the  feasibility  for  engaging  in  a 
high-throughput  compound  library  screen  to  identify  more 


1506  Cancer  Res;  74(5)  March  1, 2014 


j^^^American  Association  for  Cancer  Research 


Downloaded  from  cancerres.aacrjournals.org  on  October  2,  2014.  ©  2014  American  Association  for  Cancer  Research. 


Published  OnlineFirst  January  3,  2014;  DOI:  10.1 158/0008-5472.CAN-1 3-2939 


Bufalin  Is  a  Steroid  Receptor  Coactivator  Inhibitor 


effective  SRC  SMIs.  As  a  result  of  these  high-throughput 
screens,  here  we  describe  the  characterization  of  the  cardiac 
glycoside  bufalin  as  potent  SRC  SMI  that  is  able  to  effectively 
reduce  SRC-3  and  SRC-1  cellular  protein  concentration  and 
block  cancer  cell  growth  in  cell  culture  and  animal  models. 

Materials  and  Methods 

Chemicals 

For  high-throughput  screening,  an  MLSMR  library  was 
provided  by  Evotec  through  the  Roadmap  Molecular  Libraries 
Initiative  of  the  NIH.  Details  about  compound  selection  for  this 
library  can  be  found  online  (29).  Digoxin,  bufalin,  ouabain,  and 
digitoxin  were  obtained  from  Sigma  and  dissolved  in  ethanol. 
Cinobufagin,  cinobufotalin,  cycloheximide,  and  MG  132  were 
obtained  from  Sigma  and  dissolved  in  dimethyl  sulfoxide 
(DMSO).  Strophanthidin  and  resibufogenin  were  purchased 
from  Santa  Cruz  Biotechnology  and  dissolved  in  ethanol  and 
DMSO,  respectively.  MK-2206  was  purchased  from  Selleck- 
Chem  and  dissolved  in  DMSO.  Antibodies  to  SRC-1,  SRC-3,  and 
glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH)  were 


purchased  from  Cell  Signaling  Technology.  Antibodies  to 
CARM1  and  SRC-2  were  obtained  from  Bethyl  Laboratories. 

Cell  culture 

Human  cancer  cell  lines  were  obtained  from  the  American 
Type  Culture  Collection  (ATCC).  Cell  lines  were  maintained 
in  Dulbecco's  Modified  Eagle  Medium  (DMEM;  HeLa;  MCF- 
7)  and  RPMI-1640  (A549)  supplemented  with  10%  fetal  calf 
serum  (FCS),  penicillin,  and  streptomycin  (100  U/mL), 
unless  otherwise  indicated.  All  cells  were  cultured  at  37°  C 
under  5%  C02.  All  cells  were  used  within  6  months  from  the 
time  when  they  were  obtained  from  ATCC,  expanded,  and 
resuscitated  except  for  MDA-MB-231-LM3.3,  which  were 
verified  to  be  derived  from  MB-MBA-231  cells  by  short 
tandem  repeat  DNA  profiling  before  use  in  xenograft  animal 
model  experiments. 

Plasmids  and  transfections 

The  expression  vectors  for  the  GAL4-responsive  luciferase 
reporter  pG5-LUC  and  Gal4  DBD  fusion  proteins  with  SRC-1, 
SRC-2,  and  SRC-3  were  described  previously  (30).  Twenty-four 


Figure  1.  A  flowchart  of  the  high- 
throughput  screen  to  identify 
inhibitors  targeting  SRC-3  and 
SRC-1 .  The  PubChem  ID  for  each 
individual  assay  (AID)  has  been 
indicated  and  summary  results 
from  these  assays  have  been 
deposited  to  the  PubChem 
database  (50). 


359,484  compounds  tested  at  3.6  pmol/L 
(high  control:  gossypol;  low  control:  DMSO) 

i 

621 :  SRC-3  primary  screen,  PubChem  AID  588352  Hit  cutoff  =  61 .60%  _ 

428:  SRC-1  primary  screen,  PubChem  AID  588354  Hit  cutoff  =  60.84% 

~  2,300  compounds  tested 

f  i 

864:  SRC-3  confirmatory  screen, 

AID  588792  Hit  cutoff  =  43.08%  1  >197:  VP1 6  counter  screen, 

486:  SRC-1  confirmatory  screen,  588794  Hit  cutoff  =  29.40% 

AID  588820  Hit  cutoff  =  46.08% 

229  compounds  that  do  not  affect  VP  16  activity 

i  i  i 

SRC-3  titration,  AID  602166  SRC-1  titration,  AID  602168  VP16  titration,  AID  602167 
with  IC50  <  1 0  pmol/L:  1 1 8/229  (51  %)  45/229  (1 9%)  84/229  (37%) 


16  selective  SRC-3  inhibitors;  13  dual  SRC-3/SRC-1  inhibitors 
with  1-10  pmol/L  potencies 

i - 

Cluster  of  25  cardiac  glycosides  and  other  structurally  related 
compounds  with  5  nmol/L  tolO  pmol/L  potencies 
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hours  before  transfection,  HeLa  cells  were  plated  in  24-well 
dishes.  Cells  were  transfected  with  the  indicated  expression 
vector  plasmids  using  Lipofectamine  LTX  reagent  (Invitrogen) 
according  to  the  manufacturer's  protocol  before  incubation 
with  chemicals  at  the  indicated  concentrations. 


(PVDF)  membranes  (Bio-Rad).  Membranes  were  blocked  and 
incubated  with  indicated  antibodies  as  previously  described 
(28).  All  experiments  were  repeated  at  least  three  times. 
Intensities  of  the  bands  of  interest  in  the  Western  blot  analysis 
were  quantitated  using  ImageJ  software  (31). 


Cell  extraction  and  assays 

For  luciferase  assays,  collected  cell  pellets  after  treatments 
were  lysed  and  assayed  for  luciferase  activity.  Luciferase  activ¬ 
ities  were  normalized  against  Renilla  luciferase  activities 
according  to  the  manufacturer's  recommendations  (Promega). 
For  Western  blotting,  cells  were  harvested  and  lysed  in  lysis 
buffer  (50  mmol/L  Tris,  pH  7.5, 150  mmol/L  NaCl,  0.5%  NP-40) 
and  then  centrifuged  for  15  minutes  at  21,000  x  gat  4°C.  After 
the  total  cellular  protein  concentration  was  determined  by 
Bradford  analysis  (Bio-Rad),  protein  lysates  were  resolved  by 
SDS-7.5%  PAGE  and  transferred  to  polyvinylidene  difluoride 


1,536-well  plate  SRC-1  and  SRC-3  HTS  assays 

A  detailed  protocol  for  the  high  throughput  screening  (HTS) 
assay  can  be  found  on  the  PubChem  Bioassay  website  (32). 

Quantitative  PCR  analysis 

MCF-7  cell  total  RNAs  were  isolated  from  12-well  culture 
dishes  using  the  RNeasy  Mini  Kit  (Qiagen).  The  mRNAs  for 
SRC-1,  SRC-2,  SRC-3,  and  GAPDH  were  quantitated  by  Taq- 
Man-based  reverse  transcriptase  PCR  (RT-PCR)  using  the  ABI 
Prism  7700  sequence  detection  system  (Applied  Biosystems). 
For  SRC-1,  the  primer  pair  S'-gcaaccagctctcatccact-S'  and  5'- 


Figure  2.  A  panel  of  cardiac 
glycosides  can  reduce  cellular 
SRC-3  protein  concentrations  in 
MCF-7  breast  cancer  cells.  Cells 
were  treated  with  plant-derived 
cardiac  glycosides  (ouabain, 
digitoxin,  digoxin,  and 
strophanthidin)  and  Asiatic  toad- 
derived  cardiac  glycosides  (bufalin, 
cinobufagin,  cinobufotalin,  and 
resibufogenin)  at  increasing  doses 
for  24  hours,  then  SRC-3  protein 
levels  were  determined  by  Western 
blot  analysis. 
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Figure  3.  Digoxin  and  bufalin  can 
selectively  reduce  the  intrinsic 
transcriptional  activities  of  SRC-1 
and  SRC-3.  Luciferase  assays 
were  performed  in  HeLa  cells 
transiently  transfected  with  the 
reporter  vector  pG5-LUC  in 
combination  with  expression 
vectors  for  pBIND,  pBIND  SRC-1 , 
SRC-2,  or  SRC-3  before 
incubation  with  digoxin  (0,  500 
nmol/L,  and  1  (imol/L;  A)  and 
bufalin  (B)  of  different  doses  (0, 2, 5, 
and  7.5  nmol/L)  for  24  hours.  The 
difference  between  the  vehicle- 
treated  control  and  compound- 
treated  samples  was  analyzed  for 
significance  by  a  Student  t  test, 
with  the  number  of  P  value 
indicated  above  the  column.  Only 
P  values  less  than  0.05  are 
shown  in  the  chart.  Insets  on 
the  right  show  the  outputs  with 
the  empty  vector  pBIND. 
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gacgtcagcaaacacctgaa-3'  was  used  along  with  Universal  Roche 
Probe  #3  (Roche).  For  SRC-2,  the  primer  pair  5'-aggcaacctgttcc- 
caaac-3'  and  5r  -actggcttcagcagtgtcag-3r  was  used  along  with 
Universal  Roche  Probe  #27.  For  SRC-3,  the  primer  pair  5'- 
agctgagctgcgaggaaa-3'  and  5'-gagtccaccatccagcaagt-3'  was 
used  with  Universal  Roche  Probe  #70.  For  GAPDH,  the  primer 
pair  5'-agccacatcgctcagacac-3'  and  5'-gcccaatacgaccaaatcc-3' 
was  used  along  with  Universal  Roche  Probe  #60.  RT-PCR  was 
performed  using  lx  TaqMan  Universal  PCR  Master  Mix 
(Applied  Biosystems).  All  mRNA  quantities  were  normalized 
against  GAPDH  RNA  and  experiments  were  repeated  two 
times. 

Fluorescence  spectrometry 

The  glutathione  S- transferase  (GST)  fusion  proteins  of  dif¬ 
ferent  portions  of  SRC-3  were  expressed  and  purified  as 
described  previously  (33).  Fluorescence  spectrometric  mea¬ 
surements  were  performed  using  an  SLM  48000S  fluorescence 
spectrophotometer  (SLM-Aminco)  and  an  Agilent  Cary  Eclipse 
Fluorescence  spectrophotometer  (Agilent  Technologies,  Inc.). 
A  total  of  1.5  qmol/L  of  GST  SRC-3  receptor-interacting 
domain  (RID),  CBP-interacting  domain  (CID),  or  basic  helix- 
loop-helix  (bHLH)  was  placed  in  a  fluorescence  cuvette  and 
excited  with  UV  light  at  a  wavelength  of  278  nm  with  a  2-nm 
bandwidth,  and  the  emission  spectra  were  recorded  from  295 
nm  to  more  than  400  nm  with  a  bandwidth  of  4  nm.  The  aliquot 
size  of  test  compound  was  maintained  below  5%  of  the  total 
sample  volume  to  minimize  the  effects  of  dilution. 


Cell  viability  assays 

Cells  were  seeded  in  96-well  plates  in  medium  supplemented 
with  10%  FCS  and  allowed  to  reach  70%  to  80%  confluence, 
while  relative  numbers  of  viable  cells  were  measured  with  the 
CellTiter  96  AQueous  One  Solution  Cell  Proliferation  Assay 
(Promega)  after  compound  treatment.  IC50  values  were  deter¬ 
mined  using  the  Prism  4  software  (GraphPad  Software,  Inc.). 

Bufalin  PLGA  nanoparticles 

A  block  copolymer  of  polylactic-co-glycolic  acid  (PLGA)  and 
polyethylene  glycol  (PEG)  was  chosen  as  a  nanocarrier  mate¬ 
rial.  PLGA-PEG  was  synthesized  and  bufalin-containing  nano¬ 
particles  were  produced  using  a  nanoprecipitation  method. 
Specifically,  a  mixture  of  bufalin  and  PLGA-PEG  in  trifluor- 
oethanol  (TFE)  was  dripped  into  water  under  constant  stirring. 
The  formed  bufalin  nanoparticles  were  verified  for  proper 
formation  by  dynamic  light  scattering  (DLS)  and  transmission 
electron  micrography  (TEM).  The  amount  of  drug  encapsu¬ 
lated  in  nanoparticles  was  determined  to  be  1%  by  weight  using 
high-performance  liquid  chromatography  (HPLC)  followed  by 
detection  of  absorption  at  a  wavelength  of  210  nm. 

MDA-MB-231-LM3.3  xenograft  tumor  model 

Six-  to  7-week-old  severe  combined  immunodeficient  mice 
(SCID)  mice  were  obtained  from  Charles  River  Laboratories.  Of 
note,  750,000  MDA-MB-231-LM3.3  cells  were  injected  into  one 
of  the  second  mammary  fat  pads  on  day  1  with  tumors 
becoming  palpable  in  6  days.  At  this  time,  animals  were  treated 
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Figure  4.  Digoxin  and  bufalin 
selectively  reduce  cellular 
protein  levels  of  SRC-3  and 
SRC-1 ,  but  not  that  of  SRC-2. 

A,  MCF-7  cells  were  treated  with 
digoxin  (0,  0.5,  1 ,  and  2  |nmol/L) 
for  24  hours.  Cell  extracts  were 
then  blotted  and  probed  using 
antibodies  against  SRC-1 ,  SRC- 
2,  SRC-3,  CARM1 ,  actin,  and 
GAPDH.  B  and  C,  A549  cells 
were  treated  with  bufalin  (0, 1 , 2, 
and  5  nmol/L;  B)  and  MCF-7 
cells  (C)  were  treated  with 
bufalin  (0,  1,2,3,  4,  and  5 
nmol/L),  and  analyzed  as 
described  in  A.  Relative 
intensities  of  bands  were 
normalized  by  either  GAPDH  or 
by  actin  as  shown. 


with  either  PBS,  empty  nanoparticles,  or  bufalin-loaded  nano¬ 
particles  three  times  per  week.  Tumor  length  and  width  were 
measured  daily,  with  volume  estimated  using  the  formula 
(length  x  width  x  height) /2. 

Results 

High-throughput  screening  of  SRC-3  and  SRC-1 
inhibitors 

Through  a  high-throughput  luciferase  assay-based  screen,  a 
MLPCN  chemical  library  containing  359,484  compounds  (34)  was 
screened  to  identify  compounds  capable  of  inhibiting  the  intrin¬ 
sic  transcriptional  activities  of  SRC-3  (PubChem  AID:588362)  and 


SRC-1  (PubChem  AID:588354;  Fig.  1).  Here,  compounds  were 
evaluated  by  measuring  luciferase  expression  from  cells  tran¬ 
siently  transfected  with  a  GAL4  responsive  luciferase  reporter 
(pG5-LUC)  and  an  expression  vector  for  either  a  GAL4  DNA- 
binding  (DBD)  SRC-3  or  GAL4  DBD  SRC-1  fusion  protein  (30). 
Compounds  that  inhibited  luciferase  gene  expression  greater 
than  3a  over  DMSO  were  counted  as  SMI  hits.  In  this  primary 
screen,  the  transfected  HEK293  cells  were  treated  with  test 
compounds  at  a  concentration  of  3.6  pmol/L  in  0.36%  DMSO. 
Of  note,  36  pmol/L  gossypol  was  used  as  a  positive  control,  which 
was  able  to  elicit  100%  inhibition.  On  the  basis  of  a  3-0  cutoff, 
620  (0.17%)  compounds  were  able  to  inhibit  SRC-3  and  428 
(0.12%)  compounds  were  able  to  inhibit  SRC-1.  These  active 
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Figure  5.  Digoxin  and  bufalin  block  breast  and  lung  cancer  cell  proliferation.  A,  digoxin  reduced  MCF-7  cell  viabilities  in  line  with  SRC-3  protein 
inhibition  in  a  dose-dependent  manner.  Left,  cells  were  treated  with  different  doses  (0,  1, 2,  5,  10,  20,  50,  100,  200,  500  nmol/L,  1,  and  2  (imol/L)  of 
digoxin  for  24  hours,  and  then  cell  viability  was  determined  by  MTS  assays.  Collected  data  were  normalized  to  the  vehicle-treated  control.  Each  data 
point  represent  the  average  of  relative  values  derived  from  three  wells  of  digoxin-treated  cells  at  the  indicated  dose.  Nonlinear  regression  was  used  to 
determine  the  point  of  50%  inhibition  for  cell  viability  (IC50).  Right,  relative  SRC-3  protein  levels  after  digoxin  (0.5,  1,  and  2  (imol/L)  treatment 
compared  with  the  vehicle  control  (derived  from  Western  blotting  data  in  Fig.  4)  are  shown  as  the  dashed  line.  B  and  C,  bufalin  reduced  A549  (B)  and 
MCF-7  (C)  cell  viabilities  in  accordance  with  SRC-3  protein  degradation  with  increasing  doses.  Left,  the  dose  responses  for  cell  viabilities  upon 
bufalin  treatment  (0,  0.5,  1 , 2,  5,  1 0,  20,  50,  1 00,  200,  500,  and  1 ,000  nmol/L)  were  analyzed  as  described  above.  Right,  relative  SRC-3  protein  content 
after  bufalin  treatment  (0,  1,  2,  and  5  nmol/L)  in  A549  cells  (derived  from  blotting  shown  in  Fig.  4)  and  treatment  (0,  1,  2,  5,  and  10  nmol/L)  in 
MCF-7  cells  is  shown  as  the  dashed  line.  D,  knockout  of  the  SRC-3  protein  attenuates  the  inhibitory  effects  of  bufalin  on  cell  viability.  HeLa  parental 
and  SRC-3  knockout  cells  (SRC-3KO)  were  treated  with  bufalin  at  different  doses  (0,  0.5,  1,  2,  5,  10,  20,  50,  100,  200,  500,  and  1,000  nmol/L) 
for  24  hours  and  cell  viability  was  determined  by  MTS  assay.  HeLa  parental  cells  are  shown  as  the  dashed  line  and  the  SRC-3KO  cells  are  shown  as 
the  solid  line. 


compounds  were  then  tested  in  the  confirmatory  screen  in  the 
same  manner  as  the  primary  screen  in  quadruplicate  and  in  a 
counter  screen  using  cells  transfected  with  an  expression  vector 


for  a  GAL4  DBD  VP  16  fusion  protein  instead  of  an  expression 
vector  for  either  GAL4  DBD  SRC-3  or  SRC-1  to  exclude  general 
inhibitors  of  transcription  and/or  luciferase  activity. 
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Figure  6.  Bufalin  promotes  proteasome-mediated  degradation  of  the  SRC-3  protein.  A,  effects  of  bufalin  on  the  mRNA  levels  of  SRC-1 ,  SRC-2,  and  SRC-3. 
MCF-7  cells  were  incubated  with  bufalin  (0,  1 , 2,  and  5  nmol/L)  for  24  hours  and  total  RNA  was  extracted  and  analyzed  by  qPCR.  Differences  between  the 
control  and  the  treated  samples  were  analyzed  for  significance  using  a  Student  t  test.  Only  P  values  less  than  0.05  are  shown  in  the  chart  above  its 
corresponding  column.  B,  effects  of  bufalin  on  SRC-3  protein  turnover  rates.  ( Continued  on  the  following  page.) 
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Structure-activity  cluster  analyses  identify  cardiac 
glycosides  as  a  functional  group  of  SRC-3  and  SRC-1  SMIs 

Active  compounds  retrieved  from  the  primary  screens  were 
clustered  according  to  the  structural  similarities  in  PubChem 
(data  not  shown).  The  biggest  cluster  contains  25  compounds, 
sharing  a  common  steroid  nucleus,  the  majority  of  which 
contain  a  lactone  moiety  characteristic  of  cardiac  glycosides 
(35).  Cardiac  glycosides  are  known  to  inhibit  the  Na+/K+ 
ATPase  in  cardiac  myocytes,  leading  to  an  increase  in  intra¬ 
cellular  Ca2+  and  stronger  myocardial  contraction  (36).  Inter¬ 
estingly,  numerous  epidemiologic  studies  revealed  that  pati¬ 
ents  taking  cardiac  glycosides  have  either  better  outcome  or 
lower  risk  for  various  cancers,  including  breast  cancers  (37, 38), 
leukemia/lymphoma  (39),  and  prostate  cancer  (40),  although 
the  mechanism  has  hitherto  been  unknown. 

Evaluation  of  cardiac  glycoside  family  members  for  their 
efficacy  as  SRC  SMIs 

Because  a  cluster  of  cardiac  glycoside  series  was  identified  as 
active  compounds  in  our  high-throughput  screens,  we  sought 
to  evaluate  a  panel  of  cardiac  glycosides  to  identify  which  were 
most  potent  as  SRC  SMIs.  We  examined  SRC-3  protein  con¬ 
centrations  in  MCF-7  cells  treated  for  24  hours  with  cardiac 
glycosides,  including  ouabain,  digitoxin,  strophanthidin,  cino- 
bufagin,  cinobufotalin,  and  resibufogenin.  All  tested  com¬ 
pounds  downregulated  cellular  SRC-3  protein  levels,  but  at 
varying  doses  (Fig.  2).  Ouabain  and  digitoxin  seemed  to  be 
more  effective  than  digoxin,  while  bufalin  was  found  to  be  the 
most  potent  of  all.  In  comparison,  strophanthidin  also  reduced 
SRC-3  protein,  but  at  a  higher  dose  than  digoxin.  Bufalin  was 
the  most  potent  bufadienolide,  followed  (in  order)  by  cinobu- 
fagin,  cinobufotalin,  and  resibufogenin. 

Inhibition  of  SRC-3  and  SRC-1  by  digoxin  and  bufalin 

Next,  we  chose  to  investigate  the  effects  of  cardiac  glycosides 
on  the  intrinsic  transcriptional  activities  of  SRC  coactivators. 
HeLa  cells  were  transiently  transfected  with  apGL5-LUC  report¬ 
er  and  expression  vectors  for  pBIND,  pBIND-SRC-1,  -SRC-2,  or 
-SRC-3,  followed  by  24  hours  of  treatment  with  the  plant-based 
cardiac  glycoside  digoxin  or  the  toad  cardiac  glycoside  bufalin. 
Digoxin  reduced  luciferase  reporter  activities  in  cells  transfected 
with  pBIND-SRC-1  and  pBIND-SRC-3  (Fig.  3A).  In  contrast, 
reporter  activities  driven  by  the  GAL4  DBD  alone  were  only 
slightly  affected  (pBIND,  inset  to  the  right).  Similarly,  adminis¬ 
tration  of  bufalin  led  to  a  significant  decrease  in  pBIND-SRC-1 
and  pBIND-SRC-3  activities  in  a  dose-dependent  manner,  while 
only  minimally  affecting  the  activity  of  pBIND  (GAL4  DBD 
alone)  and  influencing  pBIND-SRC-2  less  strongly  (Fig.  3B). 
This  result  suggests  that  both  digoxin  and  bufalin  preferentially 
inhibit  the  intrinsic  transcriptional  activities  of  SRC -3  and  SRC- 
1,  while  inhibiting  SRC-2  to  a  lesser  extent. 


Effects  of  digoxin  and  bufalin  on  cellular  protein 
concentrations  of  SRCs  and  other  coactivators 

Because  the  steady-state  levels  of  coactivator  proteins  have 
been  shown  to  correlate  with  their  transcriptional  activities 
and  with  cancer  progression  (33),  we  sought  to  examine  the 
effects  of  digoxin  and  bufalin  on  SRC  protein  levels  in  MCF-7 
breast  and  A549  lung  cancer  cells  after  24  hours  of  incubation. 
As  shown  in  Fig.  4A-C,  SRC-3  and  SRC-1  protein  levels  were 
significantly  reduced  by  both  digoxin  and  bufalin  in  a  dose- 
dependent  manner,  suggesting  that  the  loss  in  SRC-3  and  SRC- 
1  intrinsic  activities  seen  above  is  due  to  the  reduced  cellular 
concentration  of  either  coactivator.  In  agreement  with  the 
finding  that  SRC-2  activities  are  less  strongly  affected,  both 
digoxin  and  bufalin  have  more  modest  effects  on  the  cellular 
level  of  the  SRC-2  protein.  We  then  investigated  the  steady- 
state  level  of  CARM1  that  has  been  shown  to  exist  in  a  multi¬ 
protein  coactivator  complex  along  with  SRC-3  (41).  In  contrast 
to  the  noticeable  decrease  in  SRC-3  protein  level,  CARM1 
protein  level  is  not  altered  after  treatment  in  A549  cells,  but 
was  reduced  moderately  in  MCF-7  cells. 

Digoxin  and  bufalin  inhibit  cancer  cell  proliferation 

Next,  we  assessed  the  effects  of  digoxin  and  bufalin  on 
cancer  cell  proliferation.  First,  MTS  assays  were  performed 
on  MCF-7  cells  treated  with  digoxin  at  different  doses  for  24 
hours.  This  revealed  that  digoxin  can  block  MCF-7  cell  growth 
with  IC50  of  about  500  nmol/L  (Fig.  5A,  left),  in  line  with  the 
dose  of  digoxin  required  to  reduce  SRC-3  protein  levels  in  the 
cell  (Fig.  5A,  right).  In  contrast,  the  IC50  of  bufalin  in  MCF-7  and 
A549  cells  were  below  5  nmol/L  in  either  cell  lines  (Fig.  5B  and 
C,  left).  Again,  the  dose  of  bufalin  required  to  block  cancer  cell 
proliferation  corresponds  with  the  concentration  required  to 
cause  downregulation  of  the  SRC-3  protein  (Fig.  5B  and  C, 
right).  Differential  dependence  of  distinct  cell  types  toward 
each  of  the  three  SRCs  could  account  for  the  differences  in 
bufalin  effect  on  cell  viability  and  SRC-3  cellular  protein 
concentration.  Importantly,  the  concentrations  of  bufalin 
required  to  kill  cancer  cells  tested  here  are  less  than  the 
reported  human  maximum-tolerated  dose  (MTD)  of  8.75 
nmol/L  (42),  pointing  to  its  potential  clinical  use  as  an  anti¬ 
cancer  agent.  For  this  reason,  we  chose  to  focus  on  bufalin  for 
further  characterization  as  an  SRC  SMI. 

Accumulating  evidence  has  shown  that  targeting  SRC-3 
expression  impairs  cancer  cell  growth  in  multiple  cancer  types 
(8).  Given  the  fact  that  the  decreased  cell  viability  induced  by 
bufalin  is  accompanied  by  reduced  SRC-3  protein  levels,  we 
sought  to  investigate  the  specific  role  of  the  SRC-3  protein  in 
blocking  cancer  cell  proliferation.  To  do  this,  we  used  a  zinc 
finger  nuclease  (ZFN)  to  knockout  both  SRC-3  alleles  in  the 
HeLa  cell  line  (SRC-3KO  cells).  It  was  difficult  to  obtain  viable 
SRC-3KO  cells  initially;  however,  we  noted  that  after  2  months, 


[Continued.)  MCF-7  cells  were  treated  with  cycloheximide  (CHX;  200  pg/mL)  and  bufalin  (50  nmol/L),  individually  or  simultaneously,  and  then  harvested  at  0, 
0.5,  1,  1.5,  2,  2.5,  3,  and  3.5  hours  thereafter  and  visualized  by  Western  blot  analysis.  C,  the  proteasome  inhibitor  MG132  prevents  SRC-3  protein 
downregulation  induced  by  bufalin.  MCF-7  were  changed  to  medium  supplemented  with  0.5%  stripped  FCS,  penicillin,  and  streptomycin  (100  U/mL) 
overnight,  and  then  incubated  with  bufalin  (0, 1 , 3,  and  5  nmol/L)  in  the  absence  or  presence  of  5  |umol/L  MG1 32  for  24  hours.  Cell  extracts  were  collected  and 
analyzed  by  Western  blotting  using  antibodies  against  SRC-3  and  GAPDH.  D,  bufalin  directly  binds  to  the  RID  of  SRC-3.  Intrinsic  tryptophan  fluorescence 
emission  spectra  of  SRC-3  RID  (Aex  =  278  nm)  were  quenched  and  redshifted  with  increasing  concentrations  of  bufalin. 
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they  proliferated  at  a  rate  comparable  with  wild-type  (WT) 
cells,  likely  after  adapting  genetically  to  the  loss  of  SRC-3.  As 
shown  in  Fig.  5D,  SRC-3  protein  is  abolished  in  these  SRC-3KO 
knockout  cells.  Compared  with  parental  SRC-3+/+  cells,  the 
response  of  SRC-3KO  cells  to  bufalin  administration  is  blunted. 
This  finding  supports  the  idea  that  SRC-3  protein  is  involved  in 
mediating  the  cell  response  to  bufalin  treatment.  However,  the 
remaining  response  of  SRC-3KO  cells  to  bufalin,  including  the 
lack  of  an  increase  in  the  effective  concentration  required  for 
these  cells  to  respond  to  treatment,  is  likely  due  to  the  SRC-1 
and  SRC-2  that  continues  to  be  expressed  in  these  cells  and  that 
also  responds  to  bufalin  at  a  similar  dose  as  SRC-3,  in  addition 
to  any  unknown  off-target  actions  of  the  compound. 

Bufalin  promotes  proteasome-mediated  degradation  of 
SRC-3  and  binds  directly  to  the  coactivator 

To  gain  insights  into  the  mechanism  of  bufalin-mediated 
SRC-3  protein  downregulation,  we  assessed  whether  24  hours 
of  bufalin  treatment  affected  the  production  of  mRNAs  for  each 
SRC  family  member  in  MCF-7  cells.  Quantitative  PCR  (qPCR) 
revealed  that  mRNA  levels  for  SRC-1  and  SRC-2  were  not 
significantly  altered,  whereas  the  mRNA  levels  for  SRC-3  were 
actually  increased  upon  bufalin  incubation  (Fig.  6A).  This 
result  suggested  that  bufalin  reduces  SRC-3  and  SRC-1  protein 
levels  posttranscriptionally. 

To  further  investigate  the  underlying  mechanism  responsi¬ 
ble  for  bufalin-mediated  SRC-3  protein  downregulation,  we 
compared  the  turnover  rates  of  the  SRC-3  protein  in  MCF-7 
cells  between  vehicle  and  bufalin  treatment  in  the  presence  of 
the  protein  synthesis  inhibitor  cycloheximide.  Cells  were  trea¬ 
ted  with  cycloheximide  and  bufalin,  individually  or  simulta¬ 
neously,  and  then  harvested  at  the  indicated  time  points  for 
Western  blot  analysis.  In  line  with  a  previous  report  (43),  SRC-3 
decays  with  a  4-hour  half-life  (Fig.  6B).  The  addition  of  bufalin 
accelerated  the  rate  of  SRC-3  turnover,  indicating  that  bufalin 
promotes  degradation  of  the  SRC-3  protein. 

Our  laboratory  has  previously  shown  that  all  SRC  coactiva¬ 
tors  are  targets  of  the  proteasome,  as  evidenced  by  the  obser¬ 
vation  that  treatment  with  the  proteasome  inhibitor  MG  132 
increases  their  protein  levels  (30).  When  we  examined  the 
effects  of  concomitant  treatment  with  MG  132  and  bufalin 
ranging  from  1  to  5  nmol/L  on  SRC-3  protein  levels  in  MCF- 
7  cells  (Fig.  6C),  MG132  treatment  alone  was  able  to  strongly 
elevate  the  SRC-3  protein  levels,  consistent  with  that  previously 
reported.  The  reduction  in  SRC-3  protein  level  induced  by 
bufalin  treatment  was  blocked  by  MG  132,  leading  to  protein 
levels  up  to  a  point  comparable  with  cells  treated  with  MG  132 
alone. 

Next,  we  sought  to  determine  whether  bufalin  promoted 
SRC-3  protein  degradation  through  physical  interaction  with 
the  SRC-3  protein.  Through  fluorescence  shift  analysis  of  SRC-3 
protein  fragments,  bufalin  was  found  to  quench  the  intrinsic 
fluorescence  and  shift  the  emission  maximum  of  the  RID  of 
SRC-3  (Fig.  6D),  indicating  that  bufalin  binds  directly  to  the  RID 
of  SRC-3.  In  contrast,  there  are  no  changes  in  the  intrinsic 
fluorescence  observed  for  the  CID  or  the  bHLH  domain  of  SRC- 
3  upon  the  addition  of  bufalin  (data  not  shown),  which 
mitigates  the  possibility  that  the  fluorescence  changes  seen 


for  the  RID  fragment  are  due  to  nonspecific  interactions  with 
bufalin.  Because  of  the  high  affinity  of  bufalin  binding  to  the 
SRC-3  RID,  it  is  difficult  to  precisely  determine  its  affinity; 
however,  binding  was  detected  even  with  5  nmol/L  of  bufalin, 
consistent  with  its  potency  in  cell  culture  experiments. 

Bufalin  sensitizes  cancer  cells  to  other  targeted 
therapeutics 

Accumulating  evidence  shows  that  SRC  coactivators  sit  at  a 
nexus  linking  diverse  growth  signaling  cascades  (see  Introduc¬ 
tion).  This  role  for  SRCs  supports  the  notion  that  an  SRC  SMI 
such  as  bufalin  should  break  cross-talk  between  different 
growth  factor  pathways,  attenuating  their  ability  to  signal  to 
downstream  pathway  components  responsible  for  enacting 
cellular  transcriptional  programs  that  drive  cell  proliferation, 
invasion,  and  metastasis.  SRC-3  has  been  shown  to  activate 
PI3K/AKT/mTOR  signaling  (44),  and  we  wanted  to  ask  wheth¬ 
er  the  inhibitory  effects  of  an  AKT  inhibitor  on  cell  viability 
could  be  enhanced  by  cotreatment  with  bufalin.  To  test  this,  we 
treated  A549  cells  with  a  low  dose  of  bufalin  in  combination 
with  the  AKT  inhibitor  MK-2206.  As  shown  in  Fig.  7A,  com¬ 
bined  treatment  with  bufalin  and  MK-2206  exhibited  a 
markedly  higher  ability  to  block  A549  cell  proliferation  than 
either  with  agent  alone. 

A  bufalin  nanoparticle  formation  can  block  tumor  cell 
growth  in  a  xenograft  model 

Bufalin  is  an  excellent  candidate  for  incorporation  into  a 
nanoparticle-based  delivery  system  because  it  can  specifically 
kill  cancer  cells  (IC50, 3-5  nmol/L)  without  observable  toxicity 
in  nontransformed  TM4  Sertoli  cells  at  doses  up  to  10  qmol/L 
(Fig.  7B)  or  primary  hepatocytes  even  at  doses  as  high  as  300 
nmol/L  (data  not  shown),  but  it  possesses  significant  cardio- 
toxicity— a  fact  we  substantiated  in  our  own  animal  studies 
with  free  bufalin  (data  not  shown),  and  it  has  a  short  in  vivo 
half-life.  With  "free  bufalin,"  we  observed  a  response  in  met¬ 
astatic  tumor  lesions  using  an  in  vivo  model  described  below, 
but  we  were  unable  to  achieve  a  satisfactory  response  in 
primary  tumors,  possibly  due  to  dose-limiting  toxicities  or 
due  to  inadequate  drug  penetration  into  larger  tumors  (data 
not  shown).  Already,  a  wheat  germ  agglutinin-grafted  lipid 
bufalin  nanoparticle  has  been  developed  to  allow  for  its  oral 
delivery  and  improve  its  stability  (45).  Another  formulation 
consists  of  a  methoxy  PEG,  PLGA,  poly-L-lysine,  and  cyclic 
arginine-glycine-aspartic  acid  carrier  loaded  with  bufalin  that 
has  been  shown  to  possess  a  favorable  biodistribution  profile 
and  has  antitumor  activity  in  vivo  (45).  Here,  we  chose  to  test  a 
similar  and  established  PEG-PLGA-based  nanoparticle  deliv¬ 
ery  system  (see  Materials  and  Methods;  ref.  46)  that  has  already 
been  successfully  used  to  produce  doxorubicin  PEG-PLGA 
nanoparticles  that  have  been  designed  to  avoid  distribution  to 
cardiac  tissue. 

Fox  Chase  SCID  Beige  mice  were  injected  with  750,000  MDA- 
MB-231 -derived  LM3.3  cells  into  the  second  mammary  gland 
(cleared)  with  two  sites  per  mice.  Six  days  after  tumor  cell 
injection,  mice  were  separated  into  three  groups  and  given  the 
following  treatments:  (i)  PBS  vehicle  control-treated  ( n  =  5); 
(ii)  bufalin  nanoparticle  (1.5  mg/kg)-treated  ( n  =  10);  and  (iii) 
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Figure  7.  A,  bufalin  sensitizes  cancer  cells  to  other  targeted 
chemotherapeutic  agents  and  blocks  tumor  growth  in  vivo.  When 
combined  with  1  or  2  nmol/L  bufalin,  cotreatment  with  the  Akt  inhibitor 
MK-2206  significantly  reduced  lung  cancer  A549  cell  viability  (1, 2,  and 
5  |umol/L).  Cell  viability  was  determined  by  MTS  assays,  with  data 
normalized  to  the  vehicle  treatment  control,  set  to  100%.  Each  data  point 
represents  the  average  from  three  data  points.  B,  nontransformed  TM4 
Sertoli  cells  were  treated  with  bufalin  at  the  indicated  concentrations. 
Seventy-two  hours  after  treatment,  cell  viability  was  determined  via  MTS 
assay.  C,  bufalin  nanoparticle  (NP)  inhibition  of  tumor  growth  in  vivo. 
SCID  mice  were  injected  with  750,000  LM3.3  cells  into  the  second 
mammary  gland  (cleared)  with  two  sites  per  mice.  Six  days  after  tumor  cell 
injection,  mice  were  treated  with  PBS  vehicle,  bufalin  nanoparticles 
(1 .5  mg/kg),  or  with  blank  nanoparticles  that  were  not  loaded  with  bufalin 
three  times  per  week  (*,  P  <  0.05;  **,  P  <  0.01  for  comparisons  between 
blank  nanoparticles  and  bufalin-loaded  nanoparticles). 

blank  nanoparticle-treated  (n  =  5).  Mice  were  treated  three 
times  per  week  via  intravenous  injection.  After  this,  primary 
tumor  volume  was  measured  to  assess  the  ability  of  the  bufalin 
nanoparticle  to  inhibit  tumor  growth  (Fig.  7C).  Aggressive 
tumor  growth  was  observed  in  the  PBS-  and  blank  nanopar¬ 
ticle-treated  control  mice,  whereas  the  bufalin  nanoparticle- 
treated  mice  showed  a  significant  inhibition  in  the  rate  of 
tumor  growth  4  days  after  initial  treatment  that  was  sustained 
throughout  the  experiment. 

Discussion 

The  SRC  family  has  been  widely  implicated  in  carcinogen¬ 
esis,  providing  a  strong  impetus  to  develop  SRC  SMIs  as  novel 
and  effective  therapeutic  agents.  Using  a  luminescence-based 
assay  to  assess  coactivator  intrinsic  transcriptional  activities, 


we  conducted  a  high-throughput  screen  of  an  MLPCN  com¬ 
pound  library  (34)  to  identify  SRC-3  and  SRC-1  SMI  hits. 
Because  of  the  large  size  of  this  library,  we  were  able  to  gain 
insight  into  the  comparative  activities  of  many  structurally 
related  compounds,  revealing  cardiac  glycosides  as  the  largest 
class  of  compounds  with  SRC  SMI  activities.  Our  data  dem¬ 
onstrate  that  both  digoxin  and  bufalin  selectively  reduced 
intrinsic  activities  of  SRC-3  and  SRC-1,  consistent  with  that 
observed  in  the  primary  screen.  Marked  differences  in  the 
potencies  of  cardiac  glycosides  were  observed,  with  most 
inhibiting  SRCs  at  concentrations  higher  than  their  MTD. 
However,  bufalin  was  found  to  have  better  potency  and  inhib¬ 
ited  SRCs  at  concentrations  below  its  MTD  of  8.75  nmol/L, 
leading  to  our  focus  on  it  as  a  potentially  clinically  useful  SRC 
SMI. 

For  centuries,  cardiac  glycosides  have  been  used  to  treat 
patients  with  edematous  states,  irregular  heartbeats,  or  chron¬ 
ic  heart  failure,  and  epidemiologic  evidence  has  shown  that 
patients  who  take  cardiac  glycosides  are  at  lower  risk  for 
various  cancers,  pointing  to  their  potential  as  cancer  thera¬ 
peutic  agents  (47).  Interestingly,  cardiac  glycosides  have  also 
been  shown  to  inhibit  the  androgen  receptor,  but  were  found 
not  to  bind  to  the  receptor  itself  (48). 

Despite  their  anticancer  properties,  the  effectiveness  of 
cardiac  glycosides  is  limited  by  their  narrow  therapeutic 
window.  For  example,  the  nontoxic  plasma  concentration  of 
digoxin  for  cardiac  disease  patients  is  2.6  nmol/L  or  less 
(49).  In  our  study,  the  concentration  of  digoxin  required  to 
inhibit  SRC-3/ SRC- 1  is  greater  than  200  nmol/L.  In  contrast, 
we  show  here  that  bufalin  is  effective  at  a  low  nanomolar 
range  (~3-5  nmol/L),  which  is  within  the  concentration 
range  observed  in  patient  plasma  in  which  no  cardiac 
toxicity  was  observed  (~9  nmol/L;  ref.  42).  Given  the 
enhanced  effectiveness  when  combined  with  the  AKT  inhib¬ 
itor  MK-2206,  bufalin's  ability  to  block  tumor  growth  might 
be  achievable  at  even  lower  doses.  Another  approach  we 
pursued  to  avoid  the  dose-limiting  toxicity  associated  with 
bufalin  toward  the  heart  was  to  deliver  bufalin  in  a  PEG- 
PLGA  delivery  particle,  in  which  we  were  able  to  effectively 
block  breast  tumor  growth  in  vivo.  Bufalin  has  already  been 
tested  in  several  small  clinical  trials  (42)  and  the  data 
presented  here  that  characterize  it  as  an  SRC  SMI  provide 
new  insight  into  its  mechanism  of  action.  Results  presented 
here  demonstrating  that  SRC-3  and  SRC-1  are  targets  of 
bufalin  promise  to  more  rationally  guide  its  future  use  as  a 
novel  therapeutic  agent. 
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Selective  estrogen  receptor  modulators  (SERMs)  are  a  class  of  small-molecule  chemical  compounds  that 
bind  to  estrogen  receptor  (ER)  ligand  binding  domain  (LBD)  with  high  affinity  and  selectively  modulate 
ER  transcriptional  activity  in  a  cell-  and  tissue-dependent  manner.  The  prototype  of  SERMs  is  tamoxifen, 
which  has  agonist  activity  in  bone,  but  has  antagonist  activity  in  breast.  Tamoxifen  can  reduce  the  risk  of 
breast  cancer  and,  at  same  time,  prevent  osteoporosis  in  postmenopausal  women.  Tamoxifen  is  widely 
prescribed  for  treatment  and  prevention  of  breast  cancer.  Mechanistically  the  activity  of  SERMs  is  deter¬ 
mined  by  the  selective  recruitment  of  coactivators  and  corepressors  in  different  cell  types  and  tissues. 
Therefore,  understanding  the  coregulator  function  is  the  key  to  understanding  the  tissue  selective  activity 
of  SERMs. 

©  2014  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

The  pleiotropic  effects  of  estrogens  are  mediated  by  their  two 
cognate  nuclear  receptors,  estrogen  receptor  alpha  and  beta  (ERa 
and  ERp),  which  are  members  of  the  nuclear  hormone  receptor 
superfamily  [1  ].  Estrogens  are  essential  for  the  maintenance  of  nor¬ 
mal  functions  of  the  female  reproductive  tissues  and  non-repro- 
ductive  tissues  including  metabolic  homeostasis,  skeletal 
homeostasis,  the  cardiovascular  system,  and  central  nervous  sys¬ 
tem  (CNS)  [2,3].  Diminished  estrogen  levels  in  postmenopausal 
women  are  associated  with  dysfunctions  in  those  tissues.  Hormone 
replacement  therapy  (HRT;  estrogen  plus  progestin)  is  effective  in 
relieving  the  symptoms  associated  with  menopause  but  is  associ¬ 
ated  with  an  increased  incidence  of  breast  cancer.  Replacement 
with  pure  estrogen  is  associated  with  increased  risk  of  uterine  can¬ 
cers  [4,5].  Selective  estrogen  receptor  modulators  (SERMs)  can 
selectively  activate  or  inhibit  ER  transcriptional  activity  in  different 
tissues,  and  therefore  retain  beneficial  effects  while  reducing 
harmful  effects  [6].  SERMs  have  been  widely  used  for  treatment 
of  ER-positive  breast  cancer  which  occurs  in  70%  of  breast  cancer 
cases.  The  most  commonly  used  SERMs  in  clinic  is  tamoxifen, 
and  it  has  been  used  clinically  for  more  than  30  years  as  a  front¬ 
line  treatment  for  the  ERa-positive  breast  tumors  at  all  stages 
[7].  Other  second  generation  SERMs  that  have  decreased  stimula¬ 
tory  effects  on  the  uterus  are  now  available. 
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2.  Structure  and  function  of  estrogen  receptors 

Estrogen  receptors  ERa  and  ERp  contain  three  major  functional 
domains  including  an  amino-terminal  Activation  Function-1  (AF-1 ) 
domain,  a  central  DNA-binding  domain  (DBD),  and  a  carboxyl-ter¬ 
minal  ligand  binding  domain  (LBD)  (Fig.  1  A).  The  variable  NH2-ter- 
minal  AF-1  domains  of  ERs  are  not  conserved  among  the  nuclear 
receptor  superfamily.  The  AF-1  domain  is  intrinsically  unstruc¬ 
tured  in  solution  and  forms  secondary  structure  when  engaged  in 
interaction  with  coregulators.  The  transcriptional  activity  of  AF-1 
is  controlled  by  phosphorylation  through  the  MAPK  pathway 
[8,9]  and  is  hormone-independent.  The  centrally  located  DBD  is 
the  most  conserved  region  and  is  a  signature  domain  of  nuclear 
receptors.  The  DBD  is  composed  of  two  C4-type  zinc  fingers  and 
recognizes  specific  DNA  sequences  in  enhancer  or  promoter 
regions  of  target  genes,  known  as  hormone  response  elements 
(HREs).  The  carboxyl-terminal  LBD  contains  12  alpha  helices 
(HI -HI 2)  which  form  alpha  helical  sandwich  conformation  [10]. 
The  hydrophobic  ligand  binding  cavity  is  within  the  interior  of 
the  LBD  and  binds  estrogen  with  high  specificity  and  affinity.  Hor¬ 
mone  binding  subsequently  induces  a  conformational  change  and 
creates  a  novel  interacting  surface  for  coregulators.  The  primary 
sequence  of  LBDs  is  moderately  conserved  among  nuclear 
receptors. 

ERa  mainly  functions  as  a  transcription  factor  in  the  nucleus. 
Hormone-bound  ER  protein  binds  to  estrogen  response  elements 
(EREs)  located  on  enhancer/promoter  regions  of  target  genes,  and 
directly  regulates  gene  expression  in  response  to  estrogens.  ERa 
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Fig.  1.  Domain  structure  of  ER,  SRC  coactivators  and  NCoR  corepressors.  (A)  ER  is  composed  of  NH2-terminal  AFl,  DBD  (DNA  binding  domain),  and  carboxyl-terminal  LBD 
(Ligand  binding  domain).  There  is  a  hinge  region  between  DBD  and  LBD.  (B)  SRC  coactivators  contain  several  major  domains,  including  bHLH/PAS,  RID  that  contains  three 
LxxLL  motifs,  ADI  that  interacts  with  p300/CBP,  and  AD2  that  interacts  with  CARM1.  (C)  NCoR  coreporessors,  NCoRl  and  NCoR2  (SMRT),  contain  several  repression  domains 
including  RD1,  RD2,  RD3  and  DAD  (deacetylase  activating  domain)  that  interact  with  HDACs,  and  CoRNR  (nuclear  receptor  interacting  domain  in  corepressors)  domain  that 
interacts  with  nuclear  receptor. 


protein  itself  does  not  possess  intrinsic  enzymatic  activity.  Instead 
ERa  recruits  coregulators  that  contain  diverse  enzymatic  activities, 
including  histone  acetyltransferase  (HAT),  histone  methyltransfer- 
ase  (HMT),  kinase,  etc.  These  coregulators  have  no  DBD  and  cannot 
bind  directly  to  genomic  DNA.  They  are  targeted  to  specific  geno¬ 
mic  sites  by  interactions  with  DNA-bound  ER  protein.  Once 
enriched  at  the  specific  genomic  regions,  the  coregulators  can 
covalently  modify  histones  and  DNA,  and  subsequently  alter  chro¬ 
matin  structure  to  facilitate  or  suppress  the  transcription  of  target 
genes.  Thus,  the  transcriptional  activity  of  ER  is  essentially  carried 
out  by  coregulators.  More  than  450  coregulators  have  been 
reported  for  nuclear  hormone  receptors  in  the  literature,  and  many 
of  them  contain  a  variety  of  different  enzymatic  activities. 


3.  The  SRC  family  of  transcriptional  coactivators  are  “primary” 
ER  coactivators 

The  SRC/pl60  family  of  coactivators  are  the  best  characterized 
coactivators  for  steroid  hormone  receptors  including  ER.  This 
family  consists  of  three  members.  Steroid  receptor  coactivator  1 
(SRC-1)  is  the  first  bona  fide  nuclear  receptor  coactivator,  cloned 
in  1995  as  an  interacting  partner  for  the  progesterone  receptor 
LBD  through  a  yeast  two-hybrid  screening  [11].  The  subsequent 
identification  and  characterization  of  SRC-2  (GRIP1,  TIF2)  and 
SRC-3  (p/CIP,  RAC3,  ACTR,  AIB1,  and  TRAM-1)  has  established  the 
SRC/pl60  family  of  coactivators  [12].  Although  SRCs  are  named 
as  coactivators  for  steroid  hormone  receptors,  it  is  clear  that  they 
also  function  as  coactivators  for  non-steroid  groups  of  nuclear 
receptors,  such  as  thyroid  hormone  receptors,  retinoid  receptors, 
vitamin  D3  receptor,  and  many  non-nuclear  receptor  transcription 
factors  as  well,  such  as  E2F1  [13],  Ets-2  [14]  and  NF-kB  [15]. 

The  three  SRC  family  members  are  highly  homologous  and 
share  an  overall  similarity  of  50-55%  in  their  primary  sequences 
[16  .  SRC  coactivators  contain  several  functional  domains,  includ¬ 
ing  a  NH2-terminal  basic  helix-loop-helix-Per/Ah  receptor  nuclear 
translocation/Sim  (bHLH/PAS)  domain,  a  receptor  interacting 
domain  (RID),  and  carboxyl-terminal  Activation  Domains  1  (ADI) 
and  2  (AD2)  (Fig.  IB).  The  RID  contains  three  amphipathic  leu-x- 
x-leu-leu  (LxxLL)  motifs  [17]  and  is  responsible  for  direct  interac¬ 
tion  with  agonist-bound  receptor  LBD  [18].  Upon  estrogen  binding, 
the  carboxyl-terminal  alpha  helix  12  of  ER  folds  back  toward  the 
ER  LBD  and,  together  with  helix  3  and  5,  forms  a  hydrophobic  cleft, 
which  interacts  with  the  hydrophobic  surface  of  LxxLL  motifs  of 
SRCs.  Because  they  are  directly  recruited  by  hormone-bound  ER, 
SRC  coactivators  are  considered  as  primary  coactivators.  Subse¬ 
quently  SRCs  serve  as  bridging  molecules  to  bring  in  secondary 
coactivators  through  ADI  and  AD2,  including  p300/CBP  19]  and 
CARM1  [20].  p300  and  CBP  are  potent  histone  acetyltransferases, 
whereas  CARM1  is  a  histone  methyltransferase.  The  ADI  of  SRCs 


physically  associates  with  p300/CBP  and  shows  potent  transcrip¬ 
tional  activity  in  reporter  gene  assay  when  tethered  to  a  heterolo¬ 
gous  DNA  binding  domain  such  as  GAL4  DBD  [21].  AD2  binds  to 
CARM1  and  shows  relatively  weaker  transcriptional  activity  when 
tethered  to  GAL4  DBD  [21  ].  Interestingly  SRC-1  and  SRC-3  also  pos¬ 
sess  intrinsic  acetyltransferase  activity  toward  histones  [19,22]. 
However  their  HAT  activity  is  weak,  suggesting  that  their  cognate 
substrates  might  not  be  histones. 

In  addition  to  conventional  reporter  gene  assays,  recruitment  of 
SRC  coactivators  by  ER  to  its  target  genes  is  strongly  supported  by 
state-of-the-art  genome-wide  chromatin  immunoprecipitation  fol¬ 
lowed  by  sequencing  (ChIP-seq)  analysis.  In  MCF7  breast  cancer 
cells,  mapping  of  the  chromatin  binding  sites  of  the  three  members 
of  SRCs  revealed  that  the  genomic  recruitment  of  SRC  proteins 
clearly  followed  ERa  ligand  stimulation,  indicating  that  SRC 
recruitment  by  ER  indeed  occurs  in  real  time  in  cells  [23].  However 
the  targeting  genes  regulated  by  SRC-3  are  not  shared  with  the 
other  two  SRC  family  members.  This  is  in  agreement  with  other 
studies  showing  that  each  SRC  protein  regulates  a  unique  set  of 
genes  in  MCF7  cells,  suggesting  that  they  play  non-redundant  roles 
in  breast  cancer  development  [24]. 

There  also  is  ample  biochemical  evidence  showing  that  SRC 
coactivators  are  bona  fide  coactivators  for  ER.  In  immunoprecipita- 
tion-mass  spectrometry  analyses,  purification  of  E2-bound  ER- 
associated  protein  complexes  revealed  that  all  there  SRC  members 
interact  with  ER  in  a  hormone-dependent  manner  [25].  Similarly, 
purification  of  SRC-3-associated  protein  complexes  confirms  that 
CBP/p300  form  a  complex  with  SRC-3  [25].  In  chromatin-based 
in  vitro  transcription  assays,  SRCs  and  CBP/p300  significantly 
enhance  ER-mediated  transcription  [26].  Our  recent  Cryo-EM  study 
reveals  that  two  SRC-3  molecules  simultaneously  interact  with  an 
ERa  dimer  on  DNA  and  form  an  asymmetric  protein  surface,  pro¬ 
viding  a  structural  basis  for  further  recruitment  of  a  large  number 
of  secondary  coactivators  (unpublished). 

The  in  vivo  biological  roles  of  SRC  coactivators  in  female  repro¬ 
ductive  functions  in  animal  have  been  well  documented.  For 
instance,  SRC-1  null  mice  show  partial  resistance  to  steroid 
hormones  [27].  SRC-2  is  essential  for  progesterone-dependent 
uterine  function  and  mammary  gland  morphogenesis  in  mouse 
models  [28].  SRC-3  is  required  for  female  reproductive  function 
and  mammary  gland  development  [29].  Finally  it  is  worthy  to 
note  that  SRC-3 /AIB1  is  a  bona  fide  oncogene  in  breast  cancer. 
The  SRC-3  gene  is  amplified  in  ~10%  of  breast  tumor  samples 
[30  and  SRC-3  mRNA  is  overexpressed  in  the  majority  of  primary 
breast  cancers.  Forced  overexpression  of  SRC-3  in  mammary 
gland  caused  mammary  tumor  development  [31].  Collectively, 
these  molecular,  cellular,  biochemical,  and  animal  data  have 
unequivocally  established  that  SRC  proteins  are  bona  fide  coacti¬ 
vators  for  nuclear  receptors  and  are  key  components  of  the 
estrogen/ER  signaling  pathway. 
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4.  The  NCoRl/SMRT  corepressor  family 

In  contrast  to  coactivators,  there  are  a  group  of  transcriptional 
factors,  termed  corepressors,  which  oppose  the  action  of  coactiva¬ 
tors  in  nuclear  receptor-mediated  transcriptional  regulation;  the 
existence  of  coactivators  and  corepressors  suggests  a  yin-yang 
relationship  for  regulation  of  gene  transcription.  NCoRl  (nuclear 
receptor  corepressor  (1)  and  SMRT  (silencing  mediator  of  retinoic 
acid  and  thyroid  hormone  receptor)  are  prototypical  nuclear  recep¬ 
tor  corepressors.  NCoRl  and  SMRT  were  initially  cloned  as  hor¬ 
mone-independent  TR  or  RXR  interacting  proteins  in  yeast  two- 
hybrid  screening  [32,33].  NCoRl  and  SMRT  interact  with  nuclear 
receptors  in  the  absence  of  hormone  and  their  interaction  is  dis¬ 
rupted  by  agonist  binding.  NCoRl  and  SMRT  contain  a  receptor 
interacting  domain  (RID)  and  repression  domains  (RDs)  (Fig.  1C). 
The  RID  contains  a  L/I-x-x-I/V-I  motif  (CORNR  motif)  to  interact 
with  nuclear  receptors  [34-36],  reminiscent  of  the  L-x-x-L-L  motif 
(also  known  as  NR  box)  of  coactivators.  Importantly  NCoRl  and 
SMRT  do  not  have  intrinsic  enzymatic  activity.  Instead  NCoRl 
and  SMRT  function  as  scaffold  proteins,  and  they  recruit  histone 
deacetylases  including  HDAC3  through  several  repression  domains 
(RD1,  RD2  and  RD3)  [37,38].  In  the  absence  of  hormone,  nuclear 
receptors  TR,  RAR  and  RXR  bind  to  enhancers  of  target  genes, 
and  recruit  NCoRl  and/or  SMRT  and  associated  HDACs  to  remove 
histone  acetylation  marks  that  suppress  gene  transcription.  When 
receptors  bind  an  agonistic  ligand,  the  corepressors  NCoRl /SMRT 
and  their  associated  HDACs  are  dissociated,  and  SRC  coactivators 
in  turn  are  loaded  to  the  agonist-bound  receptors  to  stimulate  gene 
transcription  [39]. 

It  is  important  to  note  that  although  NCoRl  and  SMRT  were  ini¬ 
tially  identified  as  corepressors  for  non-steroid  nuclear  receptors, 
later  studies  have  clearly  established  that  NCoRl /SMRT  can  also 
function  as  corepressors  for  steroid  receptors  and  suppress  their 
target  gene  transcription  [40-43].  For  example,  NCoRl  is  recruited 
to  the  pS2  gene  promoter  by  ER  in  the  absence  of  hormone,  and 
tamoxifen  treatment  enhances  NCoR  recruitment  [44].  NCoRl 
and  SMRT  can  also  function  as  corepressors  for  many  non-nuclear 
receptor  transcriptional  factors  [45]. 

5.  Determination  of  SERM  activity  by  coactivators  and 
corepressors 

The  unique  feature  of  a  SERM  is  its  cell-  and  tissue-selective 
activity.  The  first  implication  that  relative  expression  of  coactivator 
and  corepressors  in  cells  contribute  to  SERM  function  is  based  on 
transient  transfection  luciferase  reporter  assays.  In  this  study, 
overexpression  of  SRC-1  enhanced  4-hydroxytamoxifen  (4HT)- 
stimulated  ER  activity,  whereas  overexpression  of  SMRT  strongly 
suppressed  4HT-stimulated  ER  activity  [40].  When  SRC-1  and 
SMRT  were  co-overexpressed,  SMRT  blocked  the  SRC-1  coactiva¬ 
tion  of  4HT-depependent  ER  activity  [40].  For  the  first  time,  these 
results  suggested  that  the  relative  expression  of  SRC-1  and  SMRT 
can  modulate  the  4HT-dependent  ER  activity. 

This  observation  is  further  supported  by  a  study  showing  that 
tamoxifen  is  antiestrogenic  in  breast  cells  but  estrogenic  in  endo¬ 
metrial  cells.  It  was  found  that  a  high  expression  level  of  SRC-1 
in  endometrial  carcinoma  cell  lines  is  responsible  for  induction  of 
c-Myc  and  IGF-1  by  tamoxifen-stimulated  ER.  Growth  stimulatory 
effects  of  tamoxifen  in  uterine  cells  were  abolished  by  depletion  of 
SRC-1  by  siRNA,  indicating  the  SRC-1  levels  are  critical  for  agonist 
activity  of  tamoxifen  in  the  endometrium  [46]. 

In  an  in  vitro  model,  up-regulated  SRC-3  coactivator  expression 
is  associated  with  acquired  tamoxifen  resistance  in  MCF-7  cells 
cultured  in  tamoxifen-containing  media  [47].  Importantly  in  breast 
cancer  patients,  high  SRC-3  level  also  correlates  with  tamoxifen 


resistance  [48].  In  cultured  breast  cancer  cells,  overexpression  of 
SRC-3  and  Her2  is  able  to  convert  tamoxifen  from  an  antagonist 
into  an  ER  agonist,  resulting  in  de  novo  resistance  [49].  Under  this 
condition,  tamoxifen  treatment  causes  recruitment  of  coactivator 
complexes  (SRC-3  and  p300/CBP)  to,  and  dissociation  of  corepres¬ 
sor  complexes  (NCoR/HDAC3)  from,  the  ER- regulated  pS2  gene 
promoter.  In  agreement  with  this,  depletion  of  SRC-3  expression 
by  siRNA  restored  the  inhibitory  effect  of  tamoxifen  on  cell  prolif¬ 
eration  in  breast  cancer  BT474  cells  [50].  PKA-induced  tamoxifen 
resistance  is  associated  with  increased  recruitment  of  SRC-1  by 
phosphorylation  of  S305  51]. 

On  the  other  hand,  in  breast  cancer  cells,  corepressor  NCoRl 
and  SMRT  are  required  for  the  antagonistic  effects  of  tamoxifen. 
They  prevent  tamoxifen  from  stimulating  proliferation  through 
suppression  of  a  subset  of  ERa  target  genes  involved  in  cell  prolif¬ 
eration.  Silencing  of  NCoRl  and  SMRT  promoted  tamoxifen- 
induced  cell  cycle  progression  and  proliferation  [52].  In  a  breast 
cancer  mouse  model,  reduced  expression  levels  of  NCoRl  correlate 
with  the  development  of  tamoxifen  resistance  [53].  In  a  cohort  of 
ERa-positive  unilateral  invasive  primary  breast  tumors  from  99 
postmenopausal  patients  who  only  received  tamoxifen  as  adjuvant 
hormone  therapy  after  primary  surgery,  low  NCoRl  expression 
was  associated  with  a  significantly  shorter  relapse-free  survival 
[54],  substantiating  a  role  of  corepressor  NCoRl  in  tamoxifen  resis¬ 
tance.  In  further  support  of  this  notion,  based  on  ChIP  analysis, 
over-expression  of  coactivator  SRC-1  or  corepressor  SMRT  is  suffi¬ 
cient  to  alter  the  transcriptional  action  of  tamoxifen  on  a  number 
of  target  genes  in  breast  and  endometrial  cancer  cells  [55]. 

Recent  data  reveal  another  mechanism  of  tamoxifen  resistance 
caused  by  increased  SRC-3  level.  It  is  shown  that  the  paired  box  2 
gene  product  (PAX2)  is  a  tamoxifen-recruited  transcriptional 
repressor  of  the  ERBB2  gene.  Increased  SRC-3  can  compete  with 
PAX2  for  ERRB2  gene  binding  and  result  in  overexpression  of 
ERRB2  and  cause  subsequent  tamoxifen-resistant  cell  growth  [56]. 

The  importance  of  coregulators  in  determination  of  tamoxifen 
activity  is  also  true  for  other  SERMs.  For  instance,  raloxifene  pro¬ 
motes  ERa  interaction  with  NCoRl  both  in  vivo  and  in  vitro  [42]. 
In  rat  uterus,  ormeloxifene  antagonizes  in  vivo  ERa  activity  by 
increasing  the  recruitment  of  NCoRl  corepressor  and  reducing 
the  recruitment  of  SRC-1  coactivator  [57].  In  addition  to  SRCs, 
other  coactivators  can  also  play  a  role  in  SERM  activity.  For  exam¬ 
ple,  recruitment  of  peroxisome  proliferator-activated  receptor-y 
coactivator  (PGC)-ip  with  ER  LBD  induced  by  tamoxifen  contrib¬ 
utes  to  the  agonistic  activity  of  tamoxifen  in  cultured  cells  [58]. 


6.  SERMs  regulate  coregulator  expression  level  and  activities 

Coregulators  determine  the  SERM  activity.  On  the  other  hand, 
SERMs  can  regulate  the  expression  levels  of  coregulators,  forming 
a  feedback  regulatory  loop.  For  instance,  in  cultured  cells,  4- 
hydroxytamoxifen  and  raloxifene  increased  protein  stability  and 
function  of  SRC-1  and  SRC-3  coactivators  in  an  ERa-dependent 
manner  [59].  The  increased  coactivators  subsequently  enhance 
the  transcriptional  activity  of  other  nuclear  receptors,  suggesting 
that  these  SERMS  have  broad  biological  actions  in  the  cells  [59]. 
In  human  patients,  tamoxifen  therapy  leads  to  significantly 
increased  expression  of  coactivators,  particularly  SRC-3,  in  both 
normal  and  malignant  breast  tissues  [60].  In  human  skeletal  mus¬ 
cle  cells,  tamoxifen  and  raloxifene  increase  SRC-1  mRNA  levels 
while  decreasing  SMRT  mRNA  levels  61  ]. 

SERMs  not  only  impact  coactivator  protein  stability,  but  also 
can  regulate  the  coactivator  activity  though  posttranslational  mod¬ 
ifications  such  as  phosphorylation.  In  response  to  anti-estrogen 
treatment,  multiple  growth  signaling  pathways  are  up-regulated 
(HER2,  PI3K,  PKC,  etc).  Activated  kinases  phosphorylate  SRC-3, 


42 


Q.  Feng,  B.W.  O’Malley / Steroids  90  (2014)  39-43 


Fig.  2.  The  selective  recruitment  of  coactivators  and  corepressors  determines  the  SERM  activity.  Shown  in  the  diagram  is  one  representative  mechanism  in  which  the  relative 
abundance  of  SRCs  and  NCoRs  governs  the  recruitment.  Other  mechanisms  could  also  influence  recruitment,  such  as  increased  SRC  recruitment  by  PKA-induced 
phosphorylation  (See  text  for  details). 


enhance  its  coactivator  activity,  affect  cell  growth,  and  eventually 
contribute  to  resistance  [62,63]. 

7.  Summary 

Since  the  cloning  of  the  first  nuclear  receptor  coactivator  SRC-1 
in  1995  [11],  the  last  two  decades  have  seen  explosive  growth  of 
the  coregulator  field,  with  total  numbers  of  about  450  coregulators 
characterized  to  date.  Numerous  studies  have  established  that 
coregulators  play  pleiotropic  roles  in  animal  pathophysiology.  In 
this  review,  we  focused  on  the  critical  role  of  coregulators  in  SERM 
function  since  the  literature  reveals  growing  evidence  to  support 
that  SERM  activity  is  mainly  determined  by  the  selective  recruit¬ 
ment  of  coactivators  and  corepressors  to  ER  target  gene  in  specific 
types  of  cells  and  tissues  (Fig.  2).  Better  understanding  of  coactiva¬ 
tor  and  corepressor  functions  should  enhance  future  development 
of  new  generations  of  SERMs  which  have  more  beneficial  and  less 
harmful  effects. 
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Abstract 

Transcriptional  coregulators  (coactivators  and  corepressors)  have 
emerged  as  the  principal  modulators  of  the  functions  of  nuclear  re¬ 
ceptors  and  other  transcription  factors.  During  the  decade  since  the 
discovery  of  steroid  receptor  coactivator- 1  (SRC-1),  the  first  authentic 
coregulator,  more  than  400  coregulators  have  been  identified  and  char¬ 
acterized,  and  deciphering  their  function  has  contributed  significantly 
to  our  understanding  of  their  role  in  human  physiology.  Deregulated 
expression  of  coregulators  has  been  implicated  in  diverse  disease  states 
and  related  pathologies.  The  advancement  of  molecular  technologies 
has  enabled  us  to  better  characterize  the  molecular  associations  of  the 
SRC  family  of  coactivators  with  other  protein  complexes  in  the  context 
of  gene  regulation.  These  continuing  discoveries  not  only  expand  our 
knowledge  of  the  roles  of  coactivators  in  various  human  diseases  but  al¬ 
low  us  to  discover  novel  co  activator- targe  ting  strategies  for  therapeutic 
intervention  in  these  diseases. 
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NR:  nuclear  receptor 

SRC:  steroid  receptor 
coactivator 

HAT:  histone 
acetyltransferase 

CARM:  coactivator- 
associated  arginine 
methyltransferase 


INTRODUCTION 

Transcriptional  coregulators  have  emerged  as 
the  principal  regulators  of  gene  expression  by 
directly  interacting  with  and  modulating  the  ac¬ 
tivity  of  essentially  all  nuclear  receptors  (NRs) 
and  transcription  factors.  On  the  basis  of  their 
functional  output,  coregulators  can  be  classi¬ 
fied  into  two  major  classes:  coactivators,  which 
are  associated  with  agonist-bound  NRs  to  in¬ 
duce  gene  expression,  and  corepressors, which 
selectively  repress  gene  expression  through  in¬ 
teraction  with  unliganded  or  antagonist-bound 
NRs  (1,  2).  Transcriptional  induction  is  an  or¬ 
dered  and  dynamic  process  in  which  a  NR  first 
receives  a  signal  from  its  cognate  ligand  and 
then  translocates  to  specific  DNA  sequences  in 
the  promoter  region  of  a  target  gene  (3).  This 
is  followed  by  the  recruitment  of  coactivator 
complexes,  which  then  mediate  enzymatic  re¬ 
actions,  remodeling  the  chromatin  and  facili¬ 
tating  the  association  of  the  RNA  polymerase 
II  complex  with  the  general  transcriptional  ma¬ 
chinery  at  the  target  gene  promoter.  Because 
coregulators  influence  the  transcriptional  activ¬ 
ity  of  numerous  NRs  and  other  types  of  tran¬ 
scription  factors,  they  exert  broad  genome-wide 
effects  on  genetic  networks  and  contribute  sig¬ 
nificantly  to  a  vast  spectrum  of  physiological 
abnormalities  and  diseases  (Figure  1)  (4). 

Since  the  discovery  of  steroid  receptor 
coactivator- 1  (SRC-1)  a  decade  ago  (5),  more 
than  400  coregulators  have  been  identified, 
and  deciphering  their  function  has  significantly 
contributed  to  our  understanding  of  coacti¬ 
vator  biology.  Gene-deletion  studies  in  mice 
have  demonstrated  distinct  roles  for  individual 
coregulators  in  growth  and  development 
and  associated  pathological  states  in  genetic, 
reproductive,  and  metabolic  disorders  and 
cancer  (Figure  2)  (6).  SRC  family  members  of 
the  pi 60  class  of  coactivators  have  been  widely 
implicated  in  the  regulation  of  steroid  hormone 
action  by  mediating  functions  of  a  majority  of 
the  NRs  and  transcription  factors,  and  their 
aberrant  expression  in  different  malignancies 
and  genetic  diseases  has  distinguished  them 
as  master  regulators  of  human  pathologies 


(7).  Peroxisome  proliferator-activated  receptor 
gamma,  coactivator  1  alpha  (PGC-lcx)  is 
another  critical  coregulator,  which  is  involved 
in  the  regulation  of  metabolism  and  energy  ho¬ 
meostasis.  Expression  levels  of  PGC- 1  a  in  var¬ 
ious  tissues  have  been  associated  with  genetic 
predispositions  to  diseases  with  impaired  mi¬ 
tochondrial  function,  including  type  2  diabetes 
mellitus  and  obesity  (8).  Other  coactivators, 
such  as  CREB-binding  protein  (CBP)-p300, 
interact  with  virtually  all  transcription  factors 
and  regulate  gene  expression  by  relaxing  chro¬ 
matin  structure  at  the  target  gene  promoter 
through  their  intrinsic  histone  acetyltransferase 
(HAT)  activity.  Mutations  in  the  CBP  gene 
are  linked  to  Rubinstein-Taybi  syndrome,  in 
which  a  deficiency  of  CBP  HAT  activity  results 
in  defective  development  and  long-term  mem¬ 
ory  formation  (9).  In  addition  to  chromatin 
remodeling,  coactivator-associated  arginine 
methyl  transferases  (CARM1/PRMT4)  also 
stimulate  gene  transcription  by  activation  of 
NRs  and  other  transcription  factors  in  combi¬ 
nation  with  the  SRC  family  of  coactivators  (10). 
Thus,  advances  in  coactivator  biology  have 
significantly  enhanced  our  basic  understanding 
of  the  underlying  molecular  causes  of  various 
human  diseases,  and  this  understanding  can 
now  can  be  translated  to  the  clinic  through  the 
discovery  of  novel  coactivator-targeting  ther¬ 
apeutics.  This  review  outlines  recent  advances 
in  coactivator  biology  and  their  implications  in 
human  health  and  disease,  focusing  primarily 
on  SRC  family  members. 

STRUCTURAL  AND 
FUNCTIONAL  DETERMINANTS 
OF  SRC  FAMILY  MEMBERS 

SRCs  were  the  first  of  the  gene  families  to 
be  classified  and  characterized  as  coactivators 
for  NRs.  The  SRC  family  consists  of  three 
members:  SRC-1  (also  known  as  NCOA1), 
SRC-2  (also  known  as  NCOA2,  GRIP1,  and 
TIF2)  and  SRC-3  (also  known  as  NCOA3, 
ACTR,  AIB1,  p/CIP,  RAC3,  and  TRAM-1). 
The  three  members  of  the  SRC  family  contain 
homologous  domains  and  share  sequence 
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Skeletal  muscle 

SRC-3:  Long-chain  fatty  acid 
metabolism  ( CACT) 

CARM1:  Muscle  differentiation 
(Myogenin,  MEF2Cj, 
glycogen  synthesis  ( GYS1 ) 


Heart 

SRC-2:  Metabolic  and 
sarcomeric  pathways 

PGCIa:  Energy  metabolism 
and  contractile  function 


Adipocytes 

SRC-1 :  Protects  from  obesity 

(PPARy) 

SRC-2:  Susceptible  to  obesity 
{PGCIa),  thermogenic  activity 

SRC-3:  Adipocyte 
differentiation  ( PPARy2 ) 


Liver 

SRC-1 :  Hepatic  gluconeogenesis 

(PEPCK,  PC,  FBP1 ) 

SRC-2:  Glucose  release, 
glycogen  storage  ( G6Pase ), 
bile  acid  secretion  {BSEP) 


Intestine 

SRC-2:  Dietary  fat  absorption, 
energy  accretion 


Figure  1 

Nuclear  receptor  coactivators  control  the  physiology  of  multiple  organs  that  are  critical  for  various  metabolic  disorders  and  some  rare 
genetic  diseases  as  well.  Target  genes  transcriptionally  regulated  by  the  coactivators  are  indicated  in  red. 


similarity — 54%  similarity  between  SRC-1 
and  -2,  50%  between  SRC-1  and  -3,  and  55% 
between  SRC-2  and  -3  (11,  12).  Each  member 
of  the  SRC  family  can  enhance  transcrip¬ 
tional  activity  of  NRs  by  acting  as  a  bridging 
molecule,  assisting  protein-protein  interactions 
between  NRs  and  multiple  other  coregulators 
and  facilitating  the  assembly  of  the  transcrip- 
tome  complex  at  the  target  gene  promoter. 
SRCs  contain  three  distinct  structural  domains. 
These  include  the  N-terminal  basic  helix-loop- 
helix-Per/ARNT/Sim  (b-HLH-PAS);  the  cen¬ 
tral  NR  interacting  domain,  containing  three 
LXXLL  motifs  (where  X  is  any  amino  acid);  and 
two  C-terminal  activation  domains,  ADI  and 


AD2.  The  N-terminal  b-HLH-PAS  domain 
contains  the  most  conserved  motif  among  SRC 
family  members.  It  can  interact  with  several 
transcription  factors,  such  as  STAT6,  TEF4, 
and  p53,  and  with  additional  coregulators,  such 
as  coiled-coil  coactivator  (CoCoA),  flightless-I 
(Fli-I),  and  Pinl,  to  activate  transcription 
(13).  Additionally,  the  b-HLH-PAS  domain 
possesses  a  bipartite  nuclear  localization  signal 
(NLS),  and  a  NLS-mutant  coactivator  fails 
to  localize  to  the  nucleus  and  is  insensitive 
to  proteasome-dependent  turnover,  an  im¬ 
portant  means  to  limit  its  transcriptional 
activity  (14).  The  central  three  LXXLL  motifs 
that  form  the  amphipathic  alpha-helices  are 
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Figure  2 

Steroid  receptor  coactivators  (SRC  family  members)  are  abundantly  expressed  and  amplified  in  various 
forms  of  cancer. 


responsible  for  direct  interaction  and  binding 
to  the  ligand-binding  domain  of  NRs.  The 
LXXLL  motif  of  the  coactivators  fits  into 
the  hydrophobic  cleft  in  the  ligand-binding 
domain  of  the  ligand-bound  NR,  and  this 
association  is  facilitated  by  adjacent  amino 
acid  sequences.  The  C-terminal  activation 
domains  ADI  and  AD2  are  responsible  for 
recruiting  several  additional  cocoregulators  for 
chromatin  remodeling  of  the  gene  promoter 
to  potentiate  active  transcription  (15).  SRCs 
recruit  chromatin-modifying  enzymes  such  as 
CBP  and  HAT  by  directly  interacting  with  the 
ADI  domain,  whereas  AD2  binds  to  several 
important  histone  methyltransferases  such 
as  CARM1  and  Protein  arginine  N-methyl 
transferase  1  (PRMT1).  In  addition  to  their 
functions  as  adaptor  molecules  for  recruiting 
several  chromatin-modifying  enzymes  to  the 
DNA  promoter,  SRCs  have  weak  intrinsic 
HAT  activity  at  the  C-terminal  domain  (16). 
These  different  structural  features  make  SRCs 


critical  and  diverse  platforms  for  the  assembly 
and  coordination  of  a  variety  of  coregulators 
and  transcription  factors  at  the  gene  promoter 
and  for  the  modulation  of  NR-dependent 
transcriptional  activity. 

POSTTRANSLATIONAL 

MODIFICATIONS 

Although  SRCs  initially  were  identified  as 
bona  fide  coactivators  for  NR-dependent 
transcription,  they  also  interact  with  many  dif¬ 
ferent  transcription  factors  and  potentiate  their 
transcriptional  activity.  These  include  nuclear 
factor-KB  (NF-kB),  E2F1,  Smads,  hypoxia  in¬ 
ducible  factor  1  (HIF1),  p53,  signal  transducers 
and  activators  of  transcription  (STATs),  the 
ETS  (E-twenty-six)  family,  and  HNF4  (hepa- 
tocyte  nuclear  factor-4)  (15).  Recent  advances 
in  proteomic  applications  identified  several  fac¬ 
tors  associated  with  an  endogenous  coactivator 
complexome  that  includes  building  blocks, 
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functional  blocks,  and  regulatory  subunits  (17). 
Associations  of  these  protein  complexes  are 
highly  ordered  processes  that  are  regulated 
by  SRCs  in  response  to  a  variety  of  upstream 
extracellular  stimuli  to  orchestrate  selective 
upregulation  of  target  genes.  These  precise 
genetic  regulations  by  SRCs  in  response  to 
signaling  inputs  are  controlled  by  enzymes  that 
impose  posttranslational  modification  (PTM) 
codes  on  the  coactivators.  Different  combinato¬ 
rial  PTM  codes  on  SRCs  alter  their  structural 
conformation  and  affinity  toward  specific 
transcription-complex  proteins,  promoting 
upstream-signal-specific  genetic  changes  to 
execute  physiological  programs.  The  diverse 
sets  of  enzymes  that  interact  with  and  modify 
SRCs  include  kinases,  phosphatases,  small 
ubiquitin-related  modifier  (SUMO)  ligases, 
ubiquitin  ligases,  HATs,  and  histone  methyl- 
transferases  (18).  Several  extracellular  stimuli 
such  as  steroid  hormones,  growth  factors  such 
as  epidermal  growth  factor  (EGF)  and  hereg- 
ulin,  and  cytokines  transduce  downstream 
signaling  events,  generating  phosphorylation 
codes  on  SRCs.  Particularly,  mitogen-activated 
protein  kinase  (MAPK)  phosphorylates  SRC-1 
at  Thr1179  and  Ser1185  and  SRC-2  at  Ser736, 
increasing  coactivator  affinity  toward  the 
androgen  receptor  (AR),  estrogen  receptor- 
alpha  (ERa),  and  progesterone  receptor  (PR). 
Phospho-coded  SRCs  also  have  higher  binding 
affinity  for  p300  and  CBP,  thereby  enhanc¬ 
ing  their  recruitment  to  the  chromatin  and 
activating  NR-dependent  transcription  in  a 
ligand-independent  manner.  Protein  kinase  A 
(PKA)  has  been  documented  to  phosphorylate 
SRC-2,  increasing  its  turnover  and  nuclear 
translocation,  followed  by  rapid  degradation 
by  the  ubiquitin-proteasome  pathway  (19). 

Recent  studies  from  our  laboratory 
identified  SRC-2  as  a  direct  substrate  of 
AMP-activated  protein  kinase  (AMPK),  and 
AMPKcx2  -subunit-dependent  phosphory¬ 

lation  of  SRC-2  enhances  the  activity  of 
transcription  factor  farnesoid  X  receptor 
(FXR)  on  target  gene  promoters  (20).  Among 
the  SRC  family  members,  SRC-3  is  the  most 
attractive  substrate  for  multiple  kinases,  and  the 


functional  importance  of  these  modifications 
in  transcriptome  assembly  and  coactivator 
biology  has  been  extensively  studied.  Work 
from  our  laboratory  and  others  has  identified 
several  sites  (Thr24,  Ser505,  Ser543,  Ser601, 
Ser857,  Ser860,  and  Ser867)  in  the  Ser-Thr-rich 
region  of  SRC-3  that  are  frequently  phos- 
phorylated  by  multiple  kinases  such  as  MAPK, 
inhibitor  of  kappa  B  kinase  (IKK),  protein 
kinase  C  C  (PKCQ,  Akt,  focal  adhesion  kinase 
(FAK),  casein  kinase  1  isoforma  delta,  and 
extracellular-signal  regulated  kinase  3  (ERK3) 
(21-28).  Phosphorylation  of  SRC-3  selectively 
increases  its  affinity  for  certain  transcription 
factors  and  NRs,  thereby  potentiating  robust 
transcriptional  activity  on  target  gene  pro¬ 
moters.  In  addition  to  Ser-Thr  kinases,  the 
tyrosine  kinase  ABF  phosphorylates  SRC-3 
on  Tyr1357,  and  this  modification  promotes 
rapid  recruitment  of  p300  and  CBP  along 
with  strong  coactivation  of  NRs  and  NFkB 
(29).  These  findings  illustrate  how  PTM  codes 
on  SRC-3  allow  it  to  accept  signals  from 
multiple  pathways  and  to  delicately  coordinate 
biological  functions  by  modulating  specific 
genetic  changes. 

Combinations  of  PTM  codes  on  SRC-3 
further  alter  the  nature  and  stability  of  the  coac¬ 
tivator  and  supplement  additional  parameters 
that  regulate  its  activity.  Phosphorylation- 
dependent  ubiquitination  and  regulation  of 
SRC- 3  protein  turnover  have  identified  intri¬ 
cately  regulated  combinations  of  PTM  codes 
that  modulate  coactivator  function.  On  one 
hand,  phosphorylation  of  SRC-3  by  glycogen 
synthase  kinase  3  (GSK3  (3)  increases  transcrip¬ 
tional  activity  by  promoting  subsequent  coac¬ 
tivator  degradation  by  ubiquitination,  while 
on  the  other  hand  PKCC-mediated  SRC- 3 
phosphorylation  blocks  its  ubiquitination  and 
increases  its  levels  by  hindering  its  proteasome- 
mediated  degradation  (30).  In  addition  to  ubiq¬ 
uitination,  certain  SRC  family  members  are  di¬ 
rect  targets  of  SUMO  ligases,  and  this  modifica¬ 
tion  sometimes  competes  with  ubiquitinylation 
for  the  same  lysine  residue,  which  can  alter  the 
cellular  fate  of  SRCs  by  blocking  protein  degra¬ 
dation  while  diminishing  its  transcriptional 
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TNFcx:  tumor 
necrosis  factor-alpha 

MMP-9  :  matrix 
metalloproteinase-9 

EMT:  epithelial- 

mesenchymal 
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activity  (15).  Thus,  combinatorial  PTM  codes 
on  SRC- 3  determine  the  coactivator  concentra¬ 
tion  and  the  gene-selective  potency  that  allows 
it  to  control  signal-specific  gene  expression. 

The  activities  of  several  coactivators  other 
than  SRC  family  members  are  regulated  by 
PTMs.  For  instance,  phosphorylation  of  a  con¬ 
served  Ser217  residue  in  CARM1  functions  as  a 
molecular  switch  leading  to  CARM1  activation 
(16).  Additionally,  an  automethylation  domain 
has  been  identified  in  CARM1,  and  this  self- 
regulatory  mark  modulates  CARM1 -activated 
transcription  and  pre-mRNA  splicing  without 
affecting  its  enzymatic  activity  (31). 

THE  ROLE  OF  NUCLEAR 
RECEPTOR  COACTIVATORS 
IN  HUMAN  DISEASE  AND 
PATHOLOGY 

Many  of  the  functions  of  coactivators,  partic¬ 
ularly  of  the  SRC  family  members,  that  we 
understand  today  were  discovered  in  classical 
mouse  genetic  studies  that  demonstrate  exclu¬ 
sive  roles  for  each  SRC  in  reproduction,  cancer, 
and  metabolic  homeostasis. 

Reproductive  Functions 

SRCs  are  dominant  coactivators  involved  in 
reproductive  physiology  regulating  uterine 
growth,  embryo  implantation,  and  fertility. 
Disruption  of  the  SRC-1  gene  in  mice  resulted 
in  decreased  growth  and  development  of  re¬ 
productive  organs  without  eliminating  viability 
and  fertility.  Loss  of  the  SRC-1  gene  signif¬ 
icantly  reduced  uterine,  prostatic,  testicular, 
and  mammary  gland  growth  in  response  to 
steroid  hormone  stimulation.  SRC-1  ablation 
decreased  uterine  growth  by  60%  and  is  rec¬ 
ognized  as  the  most  potent  coactivator  for  ER- 
and  PR-dependent  functions  in  the  uterus  (32). 
In  contrast,  SRC- 3  is  the  primary  coactivator 
for  ER  and  PR  in  mammary  luminal  epithelial 
cells  (33,  34).  Additionally,  SRC-3  knockout 
mice  exhibit  pleiotropic  processes  including 
postnatal  growth  retardation,  delayed  pu¬ 
berty,  abnormal  reproductive  physiology,  and 
reduced  mammary-ductal  branching  and  alve- 


ologenesis  (34).  SRC-2  gene  global  knockouts 
show  striking  abnormalities  in  reproductive 
functions  of  both  sexes.  Male  SRC-2  knockouts 
are  hypofertile  owing  to  defects  in  spermato¬ 
genesis  and  testicular  degeneration,  whereas 
female  hypofertility  is  attributed  to  placental 
hypoplasia,  a  block  in  embryo  implantation, 
and  a  defective  decidual  response  (35).  In  addi¬ 
tion,  loss  of  the  SRC-2  gene  in  PRCre/+  bigenic 
mice  resulted  in  reduced  mammary-ductal 
side  branching  and  alveologenesis,  suggesting 
an  essential  role  for  SRC-2  in  progesterone- 
induced  mammary  morphogenesis  (36). 
Although  single-knockout  mice  for  each  SRC 
family  member  are  viable,  the  phenotypes  ob¬ 
served  in  double-knockout  mice  are  lethal.  This 
indicates  a  degree  of  physiological  cooperation 
among  SRC  family  members  compensating  in 
part  for  defects  in  the  functional  output. 

In  humans,  SRCs  are  altered  in  endometrio¬ 
sis,  a  disease  in  which  cells  from  the  lining 
of  the  uterus  during  retrograde  menses  sur¬ 
vive  and  grow  outside  the  abdominal  cavity. 
Although  immunohistochemical  analysis 
demonstrated  endometriotic  tissue-specific 
expression  of  all  SRCs,  full-length  SRC-1 
is  expressed  at  lower  levels  than  in  normal 
endometrium  (37).  Recent  studies  from  our 
laboratory  uncovered  a  novel  signaling  axis 
involving  SRC-1  in  an  endometriosis  mouse 
model  and  biopsied  stromal  cells  from  human 
patients.  We  identified  reduced  expression 
of  full-length  SRC-1  in  eutopic  and  ectopic 
endometrium  of  mice  with  a  concomitant 
increase  in  a  70-kD  SRC-1  proteolytic  isoform 
compared  to  normal  endometrium.  Mechanis¬ 
tic  studies  revealed  that  tumor  necrosis  factor  oc 
(TNFcx)-mediated  matrix  metalloproteinase-9 
(MMP-9)  activation  cleaves  full-length  SRC-1 
to  generate  the  70-kD  isoform,  which  in  turn 
blocks  TNFa-induced  apoptosis  and  promotes 
cellular  invasion  and  epithelial-mesenchymal 
transition  (EMT)  (38).  This  newly  discovered 
SRC-1  isoform  has  strong  clinical  implications 
for  endometriosis  patients  and  potentially  can 
be  used  for  diagnostic  and  therapeutic  pur¬ 
poses  (39).  Other  ER  coactivators  have  been 
implicated  as  a  risk  factor  for  endometrial 
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cancer.  Studies  have  identified  cumulative  ge¬ 
netic  variations  of  the  SRC-2  cofactor  complex- 
osome  as  a  whole,  including  SRC-2,  CARM1, 
p300,  CBP,  and  PRMT1,  as  a  significant  risk 
associated  with  endometrial  cancer  (40). 

Energy  Metabolism 

NR  coactivators  also  have  emerged  as  pri¬ 
mary  regulators  of  metabolic  homeostasis 
in  different  tissues.  Global-knockout  mouse 
models  deleting  each  SRC  family  member,  as 
well  as  tissue-specific  deletion  of  SRCs,  have 
identified  important  metabolic  pathways  that 
they  regulate.  Understanding  these  pathways 
has  broadened  our  knowledge  of  the  molecular 
mechanisms  of  metabolic  disorders  such  as 
diabetes,  obesity,  and  certain  genetic  disorders. 
For  instance,  whereas  SRC-l_/_  mice  are 
prone  to  obesity  owing  to  decreased  energy 
expenditure,  SRC-2 mice  are  protected 
from  high-fat-induced  obesity,  suggesting  a 
dynamic  interplay  of  the  coactivators  reg¬ 
ulating  normal  metabolic  physiology  (41). 
SRC-2  knockout  mice  display  increased  insulin 
sensitivity,  higher  lipolysis,  and  decreased  fat 
uptake  in  conjunction  with  enhanced  adaptive 
thermogenesis  by  modulating  brown  adipose 
tissue  (BAT)  activity.  Molecularly,  loss  of 
SRC-2  decreases  peroxisome  proliferator- 
activated  receptor  (PPAR)  activity  in  white 
adipose  tissue  (WAT),  whereas  it  induces 
interaction  of  SRC-1  with  PGCla  in  BAT, 
thereby  promoting  thermogenic  activity.  In 
part,  these  mechanisms  address  the  obesity- 
resistant  phenotype  observed  in  SRC-2 _/_ 
mice  (41).  In  addition  to  the  roles  of  SRC-1 
and  SRC-2  in  energy  metabolism,  SRC-3  is  an 
important  coordinator  of  white  adipocyte  de¬ 
velopment,  and  SRC-3  mice  show  impaired 
adipocyte  formation  (42,  43).  Mechanisti¬ 
cally,  SRC-3  coactivates  transcription  factor 
CAAT/enhancer-binding  protein  to  induce 
expression  of  PPARy2,  promoting  adipoge- 
nesis.  Loss  of  SRC-3  thus  impairs  the  white 
adipogenic  program  (44).  Similarly,  SRC- 
l/SRC-3  double-knockout  animals  exhibit 
defective  adaptive  thermogenesis  and  low  BAT 


activity  due  to  downregulation  of  selective 
PPARy  target  genes.  These  animals  are  lean 
compared  to  their  wildtype  littermates  and  are 
resistant  to  diet-induced  obesity  (45).  Collec¬ 
tively,  SRC  family  members  have  emerged  as 
gatekeepers  of  energy  homeostasis,  maintain¬ 
ing  the  balance  between  BAT  and  WAT. 

In  addition  to  their  distinct  roles  in  adipoge- 
nesis,  SRC  family  members  display  important 
phenotypic  effects  in  muscle  and  liver  energy 
metabolism.  Global  metabolomic  profiling 
of  SRC  knockout  animals  identified  common 
metabolites  that  are  statistically  altered  in  dif¬ 
ferent  SRC  family  members  (46).  Interestingly, 
SRC-3  knockout  mice  display  an  increase  in 
long-chain  acyl  carnitine  in  skeletal  muscle 
due  to  reduced  expression  of  the  long-chain 
fatty  acid  transporter  carni tine/ acyl-carnitine 
translocase  (CACT).  As  a  result  of  this  genetic 
discrepancy,  SRC-3 mice  resemble  the 
CACT-deficiency  phenotype  observed  in 
humans,  characterized  by  a  syndrome  of 
hypoketonemia,  hypoglycemia,  hyperam¬ 
monemia,  and  impaired  neurologic,  cardiac, 
and  skeletal  muscle  performance  (46).  Targeted 
deletion  of  SRC-2  in  skeletal  muscle  increases 
mitochondrial  uncoupling  in  muscle  myocytes 
by  modulating  the  expression  of  the  UCP3 
gene  with  a  simultaneous  increase  in  energy 
expenditure,  thus  delaying  the  development  of 
type  2  diabetes  (47).  CARM1  plays  a  pivotal 
role  in  myogenesis  and  muscle  differentiation 
in  conjunction  with  SRC-2.  CARM1  physically 
interacts  with  SRC-2  and  is  responsible  for 
the  recruitment  and  activation  of  the  MEF2 
transcription  factor  on  the  creatine  kinase 
promoter.  Inhibition  of  CARM1  significantly 
abrogates  muscle  differentiation  and  decreases 
expression  of  the  important  muscle  tran¬ 
scription  factors  myogenin  and  MEF2  (48). 
Metabolically,  CARM1  is  associated  with  mus¬ 
cle  glycogen  synthesis  by  directly  regulating 
transcription  of  Gysl  (glycogen  synthase  1), 
Pgam2  (muscle  phosphoglycerate  mutase  2), 
and  Pygm  (muscle  glycogen  phosphorylase) 
genes.  Attenuation  of  CARM1  significantly 
reduces  muscle  mass,  suggesting  it  plays  a  role 
in  human  glycogen-storage  diseases  (49). 
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Loss  of  SRC-2  also  affects  hepatic  glucose 
release  owing  to  reduced  expression  of  glucose- 
6-phosphatase  (G6Pase).  As  a  result  of  this 
genetic  defect,  SRC-2 -/-  mice  show  fasting 
hypoglycemia  and  resemble  the  phenotype  ob¬ 
served  in  human  glycogen-storage  disorder- la 
(Von  Gierke’s  disease).  Molecularly,  SRC-2 
strongly  coactivates  the  orphan  NR  RORcx 
on  the  G6Pase  promoter  to  regulate  G6Pase 
transcription  and  hepatic  glucose  release  (50). 
SRC-1-/-  mice  exhibit  a  hypoglycemic  con¬ 
dition  in  both  fasting  and  fed  states,  and  this 
is  partly  due  to  impairment  of  the  gluco¬ 
neogenic  program.  SRC-1  directly  coordinates 
rate-limiting  enzymes  of  the  gluconeogenic 
pathway  such  as  pyruvate  carboxylase,  phos- 
phoenolpyruvate  carboxykinase  (PEPCK), 
and  fructose- 1,  6-bisphosphatase  (FBP1),  thus 
restoring  normal  glucose  levels  in  fasting 
conditions  (51). 

Recent  findings  from  our  laboratory  also 
identified  SRC-2  as  an  essential  coordinator 
of  whole-body  energy  homeostasis.  It  acts 
by  regulating  the  absorption  of  dietary  fat 
and  energy  utilization.  Reduced  energy  status 
activates  the  fuel-sensor  kinase  AMPK,  which 
then  phosphorylates  and  activates  SRC-2. 
Activated  SRC-2  stimulates  the  action  of  the 
FXR  transcription  factor  on  the  bile  salt  export 
pump  (BSEP)  promoter,  thereby  increasing  its 
gene  transcription.  BSEP  causes  secretion  of 
bile  acid,  allowing  absorption  of  dietary  fats 
and  triglycerides,  which  are  then  circulated  to 
various  organs  for  restoration  of  energy.  As 
expected,  both  global  SRC-2  knockout  mice 
and  liver-specific  SRC-2  deletion  phenocopies 
increased  fecal  triglycerides  and  decreased 
plasma  triglycerides,  suggesting  that  loss 
of  SRC-2  attenuates  absorption  of  dietary 
fats  (20).  Based  on  these  observations,  it  is 
reasonable  to  speculate  that  the  AMPK-SRC-2 
axis  serves  as  a  potential  therapeutic  target  to 
modulate  whole-body  energy  homeostasis  (52). 
Ablation  of  SRC-2  also  affects  the  metabolic 
program  in  the  adult  heart  with  impaired  sar- 
comeric  gene  expression,  mimicking  a  stressed 
heart  phenotype.  These  studies  conclude  that 
SRC-2  acts  as  a  pivotal  transcriptional  regula¬ 


tor  in  the  adult  heart  and  that  it  is  required  for 
normal  functioning  during  pressure  overload 
(53).  Recent  studies  from  SRC-1  and  SRC-3 
double-knockout  mice  found  that  the  dual 
loss  of  these  coactivators  enables  resistance  to 
age-related  obesity  and  glucose  intolerance  by 
the  upregulation  of  insulin  receptor  substrate 
1  (IRS1)  (54).  Taken  together,  these  findings 
emphasize  the  importance  of  SRCs  as  essen¬ 
tial  coordinators  of  energy  metabolism  and 
highlight  their  clinical  implications  in  various 
metabolic  and  genetic  disorders. 

Cancer  Progression  and  Metastasis 

Each  member  of  the  SRC  family  is  overex¬ 
pressed  and/or  amplified  in  different  types 
of  cancers  (reviewed  in  Reference  15).  In 
particular,  SRCs  have  been  widely  implicated 
in  endocrine-related  cancers  such  as  breast, 
prostate,  endometrial,  and  ovarian  cancers.  In 
breast  cancer,  SRC-3  and  SRC-1  genes  are 
frequently  amplified  and/or  overexpressed,  and 
their  expression  positively  correlates  with  poor 
prognosis  and  more  advanced  disease  stage. 
Molecularly,  SRC-1  promotes  breast- to-lung 
metastasis  by  upregulating  Twist  expression 
and  coactivating  the  polyoma  enhancer  acti¬ 
vator  3  (PEA3)  transcription  factor,  thereby 
promoting  migration,  invasion  and  EMT  (55). 
In  addition  to  its  established  role  in  tamoxifen- 
resistant  breast  cancer,  SRC-1  has  been 
implicated  in  aromatase  inhibitor  (Al)-resistant 
recurrent  breast  cancer  (56).  Resistant  patients 
exhibit  increased  expression  of  SRC-1,  which 
correlates  with  poor  disease-free  survival  and 
distant  organ  metastasis.  This  is  achieved  partly 
by  direct  interactions  with  the  ETS2  transcrip¬ 
tion  factor  and  induction  of  the  downstream 
target  genes  MYC  and  MMP9,  which  are 
responsible  for  the  invasive  and  migratory  phe¬ 
notypes  seen  in  Al-resistant  breast  cancer  cells 
(56).  Thus,  SRC-1  has  been  proposed  to  be  a 
dynamic  coactivator  that  can  switch  breast  tu¬ 
mor  progression  from  a  steroid-responsive  to  a 
steroid-resistant  state.  SRC-1  transcriptionally 
enhances  a  critical  protease,  ADAM22,  respon¬ 
sible  for  aggressive  phenotypes  in  breast  cancer 
cells  independent  of  ER.  Also,  integrin-cx(5) 


286  Dasgupta  •  Lonard  •  O’Malley 


Annu.  Rev.  Med.  2014.65:279-292.  Downloaded  from  www.annualreviews.org 
by  University  of  Texas  -  Houston  Academy  of  Medicine  on  10/15/14.  For  personal  use  only. 


(ITGA5)  is  a  direct  target  of  SRC-1  in  ER- 
negative  breast  tumors;  it  controls  a  cascade 
of  downstream  signals  regulating  cell  adhesion 

(57) .  These  findings  vividly  demonstrate 
that  SRC-1  can  promote  aggressive  breast 
tumor  phenotype  and  suggest  that  therapeu¬ 
tic  intervention  targeting  SRC-1  should  be 
advantageous  to  breast  cancer  patients. 

SRC- 3  has  been  extensively  studied  in 
various  breast  cancer  mouse  models  because 
of  its  crucial  role  in  tumor  growth,  cellular 
proliferation,  EMT,  and  invasiveness  (15). 
Importantly,  SRC-3  serves  as  a  downstream 
master  effector  molecule  of  the  Her-2  signaling 
axis,  and  loss  of  SRC-3  significantly  attenuates 
Her-2 -dependent  breast  tumor  progression 

(58) .  Multiple  kinases  tend  to  modulate  SRC-3 
activity  through  various  PTM  codes,  demon¬ 
strating  the  global  role  of  SRC- 3  in  integrating 
upstream  signaling  events  to  promote  aggres¬ 
sive  progression  in  breast  cancer.  In  addition 
to  ER  and  PR,  SRC-3  functionally  activates 
other  breast  oncogenic  transcription  factors 
such  as  NFkB,  PEA3,  and  IKK,  and  facilitates 
transcriptional  upregulation  of  cancer-specific 
genes  (21,  22,  27).  Common  downstream  tar¬ 
gets  affected  by  SRC- 3  activation  include  the 
insulin-like  growth  factor- 1  (IGF1)  pathway, 
cyclin  D 1 ,  and  MMPs  (15).  Recent  studies  have 
identified  a  novel  cofactor,  PELP 1 ,  which  plays 
an  important  role  in  ERcx  signaling  by  directly 
interacting  with  CARM1.  PELP1  is  a  proto¬ 
oncogene  aberrantly  expressed  in  breast  cancer, 
and  its  interaction  with  CARM1  synergistically 
enhances  ERa  transactivation.  Interestingly, 
PELP1  and  CARM1  were  found  to  be  co- 
overexpressed  in  a  subset  of  ER-positive 
breast  cancers  and  were  suggested  as  attractive 
therapeutic  targets  (59).  CARM1  has  also  been 
identified  to  be  a  dominant  coactivator  in  a 
variety  of  cancers,  including  colon  cancer, 
where  it  was  found  to  coactivate  [3-catenin 
downstream  of  Wnt  signaling.  Depletion  of 
CARM1  significantly  reduced  Wnt-induced 
target  gene  expression,  thereby  suppressing 
tumor  cell  growth  and  survival  (60). 

SRC- 3  has  been  implicated  in  other  can¬ 
cers  as  well.  Recent  evidence  suggests  increased 


copy-number  alteration  of  SRC- 3  in  a  subset  of 
lung  cancers  (61).  Studies  from  our  laboratory 
identified  SRC-3  to  be  a  substrate  of  an  atypi¬ 
cal  MAPK  named  ERK3,  which  signals  SRC-3 
to  promote  invasion-metastasis  by  enhancing 
expression  of  MMP  genes  in  lung  cancer  cells 
(27).  In  prostate  cancer,  SRC-2  has  been  identi¬ 
fied  as  a  dominant  oncogene  amplified  in  ~8% 
of  primary  tumors  and  ~37%  of  metastatic  pa¬ 
tients  (62).  SRC-2  acts  as  a  strong  coactivator  of 
AR,  and  promotes  prostate  cancer  cell  growth 
by  activating  cyclin  D1  gene  expression  (63, 
64).  In  addition,  SRC-2  has  AR-independent 
functions  and  can  promote  prostate  cancer  cell 
growth  in  the  absence  of  AR.  SRC-2  expression 
positively  correlates  with  aggressive  prostate 
cancer  in  patients,  and  its  expression  is  a  valu¬ 
able  indicator  of  time  to  disease  recurrence  (64). 
Several  SRC-2  mutations  have  been  identified 
in  lung  cancer,  prostate  cancer,  and  melanoma. 
The  majority  of  these  mutations  (G435S, 
G439D,  and  P470S)  have  been  identified  in  the 
Ser/Thr-rich  domain,  which  is  a  direct  target 
of  several  kinases  (62).  One  of  these  mutations 
lies  in  the  AD  1  region  responsible  for  recruit¬ 
ment  of  p300  and  CBP;  however,  the  func¬ 
tional  significance  of  these  mutations  with  re¬ 
spect  to  disease  progression  remains  unknown. 
In  prostate  cancer,  the  cofactor  PGC-lcx  also 
has  been  reported  to  be  a  strong  coactivator  of 
AR  by  directly  interacting  with  the  transacti¬ 
vation  domain  of  AR.  Depletion  of  PGC-lcx 
significantly  decreased  AR-dependent  prostate 
cancer  cell  growth  by  inducing  a  cell  cycle  G1 
arrest,  suggesting  that  PGC-lcx  could  be  a  po¬ 
tential  target  for  prostate  cancer  therapy  (65). 
In  a  subset  of  acute  myeloid  leukemia  (AML) 
patients,  SRC-2  gene  fusions  with  monocytic 
leukemia  zinc  finger  protein  (MOZ)  have  been 
detected  (66).  A  gene  rearrangement  occurs  be¬ 
tween  the  5'  of  the  MOZ  gene  and  the  V  of 
the  SRC-2  gene,  encoding  the  transcriptional 
activation  domain  of  MOZ  and  the  coactiva¬ 
tor  ADI  domain.  This  rearrangement  enables 
the  expressed  fusion  protein  to  recruit  CBP, 
which  drives  AML  (67).  Recent  findings  also 
identified  SRC-1  as  a  potential  driver  gene  in 
chromosome  2p  that  is  frequently  found  to  be 
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amplified  in  chronic  lymphocytic  leukemia 
(CLL).  Gain  of  2p  chromosomal  region  func¬ 
tion  in  CLL  patients  is  detected  at  an  early  stage 
of  the  disease  and  correlates  with  poor  prog¬ 
nosis,  indicating  SRC-1  may  contribute  to  the 
pathological  state  of  CLL  (68).  A  recent  study 
identified  enhanced  expression  of  the  PGC-la 
coactivator  in  a  subset  of  human  melanoma 
tumors.  PGC- la-positive  melanoma  cells  ex¬ 
hibited  increased  mitochondrial  activity  and 
were  resistant  to  reactive  oxygen  species 
stress  (69). 

In  addition  to  the  involvement  of  SRCs  in 
cancer  (70),  recent  evidence  points  to  a  require¬ 
ment  for  coactivators  in  chemoresistance  (71) 
as  well  as  in  stem  cell  self-renewal  and  pluripo- 
tency  maintenance  (72,  73).  Under  cytotoxic 
stress,  SRC-3  deregulates  p53  induction  by 
upregulating  TNF  receptor-associated  factor  4 
(TRAF4),  which  competes  with  p5  3  for  binding 
to  the  deubiquitinase  HAUSP  (herpesvirus- 
associated  ubiquitin-specific  protease).  This 
ability  of  SRC-3  along  with  TRAF4  to  desta¬ 
bilize  p53  may  be  an  important  mechanism 
for  chemoresistance  to  current  breast  cancer 
therapies.  SRC-3  was  also  found  to  directly 
bind  to  the  estrogen-related  receptor  |3  (Esrrb) 
and  promote  Esrrb  transcriptional  activity 
by  recruiting  CBP  and  CARM1  to  regulate 
Oct4,  Sox2 ,  and  the  Nanog  gene  network  (73). 
ChIPseq  studies  identified  an  overlapping 
regulatory  network  of  SRC- 3  with  Esrbb 
supporting  the  Oct4-Sox2 -Nanog  transcrip¬ 
tional  program  to  maintain  embryonic  stem 
cell  (ESC)  pluripotency  and  self-renewal  (72). 
These  studies  propose  a  new  concept  in  stem 
cell  biology  and  suggest  a  dynamic  interplay 
involving  the  SRC  coactivators  and  the  tran¬ 
scription  factors  in  ESC  maintenance.  It  will  be 
interesting  to  decode  other  possible  coactivator 
functions  in  cancer  stem  cell  biology. 

TARGETING  STRATEGIES 

Because  the  coactivators  can  integrate  numer¬ 
ous  upstream  signaling  events  into  functional 
outputs,  they  may  be  an  attractive  therapeutic 
target  for  the  treatment  of  cancer.  As  opposed 


to  NRs,  which  are  relatively  easy  to  target 
thanks  to  their  affinity  for  ligands,  coactivators 
are  more  difficult  to  target  with  small  molecules 
(6).  Approaches  to  block  coactivator  molecules 
include  targeting  the  enzymes  that  posttransla- 
tionally  modify  the  coactivators,  thereby  alter¬ 
ing  the  stability  of  the  proteins  (74).  However, 
recent  high-throughput  screening  has  identi¬ 
fied  small-molecule  inhibitors  that  can  target 
SRC-1  and  SRC-3  by  direct  binding  to  these 
coactivators  (75).  Binding  of  small-molecule 
inhibitors  to  the  oncogenic  SRC-3  coactivator 
promotes  its  degradation  and  attenuates  cancer 
cell  growth.  This  proof-of-principle  study 
laid  the  foundation  for  an  ongoing  screening 
effort. 

CONCLUSION 

Transcriptional  coactivators  have  emerged  as 
“master  regulators”  of  human  physiology,  and 
their  dysregulation  has  been  implicated  in  nu¬ 
merous  diseases  (76).  During  evolution  SRCs 
have  emerged  from  strong  selection  pressures 
and  are  thus  regarded  as  key  factors  for  human 
adaptation  (7).  The  involvement  of  SRC  family 
members  in  reproduction,  energy  metabolism, 
and  growth  outlines  the  importance  of  this  class 
of  molecules  in  human  physiology  and  dis¬ 
ease.  As  metabolism  and  growth  are  essential 
for  survival  and  multiplication,  cancer  cells  of¬ 
ten  hijack  and  co-opt  these  multifaceted  “mas¬ 
ter”  molecules  to  enhance  their  proliferative  be¬ 
havior.  Thus,  understanding  the  role  of  SRCs 
in  energy  homeostasis  of  cancer  cells  should 
shed  light  on  additional  roles  for  coactivators 
in  cancer  biology.  Environmental  stresses  such 
as  fluctuations  in  nutrient  availability  and  di¬ 
etary  composition  lead  to  various  phenotypes  in 
mouse  models  of  coactivator  gene  disruption, 
indicating  that  SRCs  can  orchestrate  broad 
transcriptional  reprograms  to  utilize  available 
nutrients  for  the  maintenance  of  energy  ho¬ 
meostasis.  Ongoing  and  future  studies  will  ex¬ 
pand  our  understanding  of  NR  coactivators  in 
various  human  pathologies  and  should  identify 
additional  targeting  strategies  for  therapeutic 
interventions  in  multiple  diseases. 
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SUMMARY  POINTS 


1.  Transcriptional  coactivators  have  emerged  as  the  principal  regulators  of  gene  expression 
by  directly  interacting  with  and  modulating  the  activity  of  essentially  all  nuclear  receptors 
(NRs)  and  transcription  factors. 

2 .  SRCs  were  the  first  gene  family  to  be  classified  and  characterized  as  coactivators  for  NRs. 
Each  member  of  the  SRC  family  can  enhance  transcriptional  activity  of  NRs  by  acting 
as  a  bridging  molecule,  assisting  protein-protein  interactions  between  NRs  and  multiple 
other  coregulators,  and  facilitating  the  assembly  of  the  transcriptome  complex  at  target 
gene  promoters. 

3 .  Different  combinatorial  PTM  codes  on  SRCs  alter  their  conformation  and  affinity  to¬ 
ward  specific  transcription-complex  proteins  to  promote  upstream-signal-specific  ge¬ 
netic  changes  to  execute  physiological  programs.  Diverse  sets  of  enzymes  that  interact 
with  and  modify  SRCs  include  kinases,  phosphatases,  small  ubiquitin-related  modifier 
(SUMO)  ligases,  ubiquitin  ligases,  histone  acetyltransferases,  and  histone  methyltrans- 
ferases. 

4.  NR  coactivators  have  emerged  as  primary  regulators  of  metabolic  homeostasis,  modu¬ 
lating  energy  balance  in  different  tissues. 

5.  SRCs  are  often  highly  amplified  and  overexpressed  in  different  types  of  malignancy, 
driving  primary  tumor  growth,  invasion-metastasis,  and  drug  resistance. 

6.  Because  they  can  integrate  numerous  upstream  signaling  events  into  functional  outputs, 
coactivators  are  regarded  as  attractive  therapeutic  targets  for  the  treatment  of  cancer. 
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An  epigenomic  approach  to  therapy  for  tamoxifen-resistant 
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Tamoxifen  has  been  a  frontline  treatment  for  estrogen  receptor  alpha  (ERa)-positive  breast  tumors  in  premeno¬ 
pausal  women.  However,  resistance  to  tamoxifen  occurs  in  many  patients.  ER  still  plays  a  critical  role  in  the  growth 
of  breast  cancer  cells  with  acquired  tamoxifen  resistance,  suggesting  that  ERa  remains  a  valid  target  for  treatment 
of  tamoxifen-resistant  (Tam-R)  breast  cancer.  In  an  effort  to  identify  novel  regulators  of  ERa  signaling,  through  a 
small-scale  siRNA  screen  against  histone  methyl  modifiers,  we  found  WHSC1,  a  histone  H3K36  methyltransferase, 
as  a  positive  regulator  of  ERa  signaling  in  breast  cancer  cells.  We  demonstrated  that  WHSC1  is  recruited  to  the  ERa 
gene  by  the  BET  protein  BRD3/4,  and  facilitates  ERa  gene  expression.  The  small-molecule  BET  protein  inhibitor 
JQ1  potently  suppressed  the  classic  ERa  signaling  pathway  and  the  growth  of  Tam-R  breast  cancer  cells  in  culture. 
Using  a  Tam-R  breast  cancer  xenograft  mouse  model,  we  demonstrated  in  vivo  anti-breast  cancer  activity  by  JQ1 
and  a  strong  long-lasting  effect  of  combination  therapy  with  JQ1  and  the  ER  degrader  fulvestrant.  Taken  together, 
we  provide  evidence  that  the  epigenomic  proteins  BRD3/4  and  WHSC1  are  essential  regulators  of  estrogen  receptor 
signaling  and  are  novel  therapeutic  targets  for  treatment  of  Tam-R  breast  cancer. 
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Introduction 

Estrogen  signaling  is  crucial  for  the  development  of 
normal  mammary  gland  and  breast  cancer.  Estrogen 
binds  to  and  activates  estrogen  receptors  (ERs),  result¬ 
ing  in  expression  of  genes  involved  in  cell  proliferation 
and  survival.  By  blocking  estrogen  binding  to  ER  alpha 
(ERa),  the  selective  ER  modulator,  tamoxifen  remains 
a  frontline  treatment  for  ERa-positive  breast  cancer  [1]. 
However,  eventually  many  tumors  develop  tamoxifen 
resistance.  Interestingly,  ERa  is  still  important  for  the 
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growth  of  breast  cancer  cells  with  acquired  drug  resis¬ 
tance.  For  instance,  recent  chromatin  immunoprecipita- 
tion  (ChlP)-seq  analysis  on  primary  breast  tumors  from 
patients  clearly  shows  that  ERa  is  still  recruited  to  chro¬ 
matin  in  drug-resistant  breast  cancer  [2].  Moreover,  in 
the  absence  of  estrogen,  epidermal  growth  factor  could 
induce  AP- 1 -dependent  ERa  genomic  targets  [3].  There¬ 
fore,  there  is  an  urgent  need  to  develop  novel  treatments 
to  further  suppress  ER  signaling  in  Tam-R  breast  cancer. 
Recent  data  show  that  mTOR  inhibition  is  effective  in 
overcoming  hormone  resistance  [4].  However,  mTOR 
inhibition  is  associated  with  several  side  effects,  limiting 
its  use  in  patients  who  must  take  it  for  a  long  time.  Com¬ 
binations  of  HD  AC  inhibitor  vorinostat  and  tamoxifen 
also  showed  some  effect  in  reversing  hormone  resistance 
[5].  In  this  study,  we  are  exploring  a  novel  strategy  to 
overcome  endocrine  resistance  by  shutting  down  expres- 
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sion  of  the  ER  gene  itself. 

Results 

WHSC1  regulates  ERa  gene  expression 

Recent  progress  has  shown  that  histone-modifying  en¬ 
zymes  and  coregulators  play  important  roles  in  the  reg¬ 
ulation  of  gene  expression  [6-8].  In  this  study,  we  were 
interested  in  understanding  how  histone  modifications, 
particularly  histone  methylation,  regulate  ERa  signaling 
in  breast  cancer  cells.  To  this  end,  we  performed  a  small- 
scale  siRNA  screen  to  identify  epigenomic  enzymes  in¬ 
volved  in  estrogen  signaling.  We  knocked  down  histone 
methyltransferases  (HMTs)  or  demethylases  (HDMTs) 
individually  in  MCF7  cells  by  siRNA,  and  determined 
the  expression  levels  of  ERa  and  its  target  genes  GREB1 
and  pS2.  We  focused  on  the  HMTs  and  HDMTs  that 
target  lysine  residues,  because  the  diverse  roles  of  his¬ 
tone  lysine  methylation  in  gene  expression  have  been 
well  established.  The  role  of  29  HMTs  and  1 8  HDMTs 
in  estrogen  signaling  was  tested  by  knockdown  using 
individual  siRNAs.  Supplementary  information,  Figure 
S 1  shows  the  mRNA  levels  of  ERa  and  its  target  gene 
GREBl.  Knockdown  of  SMYD3  led  to  an  increased 
level  of  GREBl  mRNA,  while  knockdown  of  three 
HMTs,  ASH1L,  SETD7  and  WHSC1,  and  two  HDMTs, 
KDM4A  and  KDM7C  reduced  GREBl  mRNA  level  by 


>  60%.  Similar  effects  were  observed  for  pS2  gene  ex¬ 
pression  (data  not  shown).  ERa  mRNA  levels  were  also 
significantly  reduced  in  these  samples,  indicating  that 
these  epigenomic  enzymes  are  critical  for  ERa  and  its 
target  gene  expression.  We  confirmed  the  reduction  of 
ERa  protein  levels  by  western  blot  analysis  as  shown  in 
Figure  1A. 

WHSC1  encodes  a  HMTs  that  methylates  histone 
H3K36  [9,  10].  Methylation  of  H3K36  is  a  key  histone 
mark  for  transcription  elongation.  WHSC1  was  initially 
found  to  be  deleted  in  Wolf-Hirschhom  syndrome  (WHS), 
which  is  a  malformation  syndrome  associated  with  a 
hemizygous  deletion  of  the  distal  short  arm  of  chromo¬ 
some  4.  Later  studies  revealed  that  WHSC1  is  significant¬ 
ly  overexpressed  in  many  cancers  including  breast  cancer 
[11,  12].  Importantly,  its  expression  is  associated  with 
tumor  aggressiveness  and  bad  prognosis  in  several  breast 
cancer  studies  [13,  14].  However,  the  underlying  molec¬ 
ular  mechanism  of  its  role  in  breast  cancer  development 
remains  unknown.  Therefore,  we  focused  on  WHSC1  for 
further  study. 

Using  three  individual  WHSC1  siRNAs,  we  confirmed 
the  essential  role  of  WHSC1  in  expression  of  ERa  and  its 
target  genes  (Figure  IB  and  1C).  Interestingly,  WHSC1 
mRNA  levels  were  increased  by  two-fold  in  MCF7  cells 
treated  with  estradiol,  indicating  that  WHSC1  itself  is 
an  ERa-regulated  gene  (Figure  ID),  forming  a  positive 
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Figure  1  WHSC1  regulates  ERa  gene  expression.  (A)  Confirmation  of  siRNA  screening  results  by  western  blot  analysis.  Five 
genes  were  selected  from  the  siRNA  screening.  The  protein  levels  of  ERa  and  SRC-3  were  measured  by  western  blot  anal¬ 
ysis.  (B)  Knockdown  of  WHSC1  by  three  different  siRNAs  all  decreased  mRNA  and  protein  levels  of  ERa  in  MCF7  cells.  (C) 
Knockdown  of  WHSC1  reduced  the  expression  of  ERa  target  gene  pS2  in  MCF7  cells.  10  nM  of  estradiol  (E2)  was  added  24  h 
before  cell  harvest.  (D)  Enhanced  expression  of  WHSC1  by  treatment  of  10  nM  E2  for  24  h  in  MCF7  cells.  mRNA  levels  of 
ERa  and  WHSC1  were  measured  by  RT-qPCR.  *P  <  0.05  by  a  two-tailed  f-test.  (E)  Correlation  of  ERa  mRNA  and  WHSC1 
mRNA  levels  in  a  subset  of  the  TCGA  breast  cancer  samples. 
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feedback  regulatory  loop.  In  support  of  this,  we  found  a 
positive  correlation  in  mRNA  levels  between  WHSC1 
and  ERa  in  ER-positive  patients  in  the  TCGA  database, 
particularly  in  luminal- A-type  of  breast  tumors  (Figure 
IE). 

WHSC1  and  BRD3/4  coordinately  regulate  ERa  expres¬ 
sion  and  function 

Because  WHSC1  does  not  contain  a  DNA-binding  do¬ 
main,  it  cannot  bind  directly  to  the  ERa  gene  promoter/ 
enhancer  to  regulate  its  transcription.  To  investigate  how 
WHSC1  activates  ERa  gene  expression,  we  searched  the 
Epicome  database  (http://epicome.org),  a  mass  spectrom¬ 
etry-based  proteomics  database  generated  by  the  Nuclear 
Receptor  Signaling  Atlas  (NURSA)  [15,  16],  to  identify 
WHSC1 -interacting  proteins.  BRD3  and  BRD4,  two 
bromodomain-containing  proteins,  are  at  the  top  of  a  list 
of  potential  WHSC1 -interacting  proteins  (Supplemen¬ 
tary  information,  Figure  S2A).  Their  association  with 
WHSC1  was  confirmed  by  immunoprecipitation/westem 
blot  analysis  using  either  exogenously  expressed  or  en¬ 
dogenous  proteins.  As  shown  in  Figure  2A-2C,  BRD3 
and  BRD4  were  co-immunoprecipitated  with  WHSC1 
protein  and  vice  versa,  but  another  BET  family  protein, 
BRD2,  did  not  interact  significantly  with  WHSC1.  Sim¬ 
ilar  interaction  was  detected  between  endogenous  BRDs 
and  WHSC1  in  MCF7  cells  (Supplementary  information, 
Figure  S2),  and  this  is  in  agreement  with  a  recent  report 
of  an  interaction  between  WHSC1  and  BRD4  in  MEF 
cells  [17]. 

BRD3  and  BRD4  belong  to  the  BET  (bromodomain 
and  extraterminal  domain)  family  of  proteins.  In  humans, 
there  are  four  BET  proteins  including  BRD2,  BRD3, 
BRD4,  and  BRDT  [18].  BET  family  members  contain 
two  bromodomain  and  one  extraterminal  domain.  The 
bromodomain  specifically  recognizes  acetylated  lysine 
residues  on  the  histone  tails.  BRD3  and  BRD4  are  im¬ 
plicated  in  the  transcription  elongation  process  by  asso¬ 
ciation  with  the  PAF1  complex  and  the  pTEFb  complex, 
respectively  [19].  BRD4  also  regulates  the  expression  of 
G1  cell  cycle  genes  [20].  We  next  determined  the  domain 
responsible  for  the  interaction  between  WHSC1  and 
BRD3/4  by  deletion  mapping.  As  shown  in  Supplemen¬ 
tary  information,  Figure  S2D  and  S2E,  BRD4  interacts 
with  WHSC1  through  its  N-terminal  470  amino  acids, 
which  contains  two  bromodomains.  Interestingly,  treat¬ 
ment  of  cells  with  JQ1  failed  to  disrupt  the  interaction 
between  WHSC1  and  BRD4,  suggesting  that  BRD4  can 
bind  to  WHSC1  and  acetylated  lysine  simultaneously 
(Supplementary  information,  Figure  S2F). 

Given  the  key  role  of  WHSC1  in  ERa  gene  expres¬ 
sion  and  the  physical  association  between  WHSC1  and 


BRD3/4,  we  hypothesized  that  WHSC1  is  recruited  to 
the  ERa  gene  promoter  by  BRD3/4  which  binds  directly 
to  acetylated  histone  tails  and  subsequent  methylation  of 
K36  on  histone  H3  by  WHSC1,  then  could  facilitate  the 
transcription  elongation  of  the  ERa  gene.  To  test  this  hy¬ 
pothesis,  we  asked  whether  BRD3/4  are  required  for  the 
expression  of  ERa  and  its  target  genes.  As  shown  in  Fig¬ 
ure  2D,  simultaneous  knockdown  of  BRD3  and  BRD4 
dramatically  reduced  the  mRNA  levels  of  ERa  and  pS2 , 
indicating  that  BRD3  and  BRD4  are  crucial  for  the  ex¬ 
pression  of  ERa. 

To  further  test  the  above  hypothesis,  BRD3  and 
BRD4  genes  were  knocked  down  in  MCF7  cells,  and 
the  recruitment  of  WHSC1  to  the  ERa  gene  and  the  lev¬ 
el  of  histone  H3  K36  methylation  were  determined  by 
ChIP-qPCR  assay.  As  shown  in  Figure  2E,  knockdown 
of  BRD3/4  dramatically  reduced  the  recruitment  of 
WHSC1  to  the  ERa  gene  and  the  levels  of  H3K36me2 
and  H3K36me3  were  both  significantly  reduced,  sug¬ 
gesting  that  BRD3/4  functions  as  a  scaffold  to  recruit 
WHSC1,  which  promotes  the  transcription  elongation  of 
the  ERa/ESRl  gene. 

In  our  model  shown  in  Figure  2F,  BET  proteins 
(BRD3/4)  recognize  acetylated  lysine  residues  on  histone 
tails  in  the  ERa/ESRl  gene  promoter.  After  recruitment 
to  the  ERa  gene  by  interacting  with  BRD3/4,  WHSC1 
methylates  H3K36  and  subsequently  increases  tran¬ 
scription  elongation  of  ERa.  On  the  other  hand,  estrogen 
stimulates  the  expression  of  WHSC1,  forming  a  positive 
feedback  regulatory  loop.  Interestingly,  we  also  found 
that  WHSC1  and  BRD4  are  potent  coactivators  for  ER  in 
an  ERE-luciferase  gene  reporter  assay  (Supplementary 
information,  Figure  S3A).  Taken  together,  our  results  in¬ 
dicate  that  WHSC1  is  a  key  regulator  of  ER  signaling,  as 
it  is  not  only  a  positive  epigenomic  regulator  of  ER  gene 
expression,  but  also  a  coactivator  for  ER  itself. 

Small-molecule  inhibitors  have  been  recently  devel¬ 
oped  and  published  for  the  BET  family  of  proteins.  For 
instance,  JQ1,  an  acetylated  lysine  analog,  has  been  re¬ 
ported  in  recent  studies  to  be  a  potent  BET  inhibitor  and 
can  be  used  to  treat  a  number  of  cancers  including  multi¬ 
ple  myeloma  and  acute  myeloid  leukemia  [21-23].  Based 
on  our  results,  we  tested  whether  JQ1  can  suppress  ERa 
expression.  As  shown  in  Figure  2G,  treatment  of  MCF7 
cells  with  JQ1  significantly  reduced  the  mRNA  levels  of 
ERa  and  its  target  genes  pS2,  GREB1,  and  Cyclin  D1 , 
but  not  other  breast  cancer  genes  such  as  FoxAl ,  SRC-3, 
and  Her2  (Supplementary  information,  Figure  S3B).  An¬ 
other  bromodomain  inhibitor  I-BET  had  a  similar  effect, 
although  at  a  slightly  higher  concentration  (Figure  2H). 
Similar  experiments  were  performed  on  prostate  cancer 
LNCaP  cells.  Interestingly,  androgen  receptor  mRNA 
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Figure  2  WHSC1  and  BRD3/4  coordinately  regulate  ERa  expression  and  function.  (A)  Co-immunoprecipitation  (co-IP)  of 
WHSC1  and  BRD  proteins  from  transiently  transfected  293T  cells.  HA-tagged  WHSC1  or  empty  vector  was  transiently  trans¬ 
fected  to  293T  cells  for  48  h.  The  whole-cell  lysate  was  cleared  and  immunoprecipitated  with  anti-HA  antibody.  Input,  2.5%.  (B) 
Co-IP  of  endogenous  WHSC1  and  BRD  proteins  from  HeLa  nuclear  extract.  Input,  2.5%.  (C)  Reciprocal  co-IP  of  endogenous 
WHSC1  and  BRD  proteins  from  HeLa  nuclear  extract.  Input,  2.5%.  (D)  Knockdown  of  BRD3  and  BRD4  reduced  expression 
of  ERa  and  its  target  gene  pS2  in  MCF7  cells.  Error  bars  indicate  SEM.  *P  <  0.01  by  t- test.  (E)  Loss  of  BRD3/4  abolished  the 
recruitment  of  WHSC1  to  ERa  gene.  ChIP  was  performed  in  MCF7  cells  treated  with  BRD3/4  siRNA  or  control  siRNA  for  2 
days.  Primer  pair  A  locates  next  to  promoter  region  and  primer  pair  B  locates  in  the  coding  region  of  ERa.  Each  IP  was  dupli¬ 
cated  and  average  values  were  shown.  Error  bars  indicate  SEM.  *P  <  0.05  by  f-test.  (F)  A  hypothetical  model  of  regulation  of 
ERa  gene  expression  by  WHSC1  and  BRD3/4.  (G)  Bromodomain  inhibitor  JQ1  efficiently  reduced  the  expression  of  ERa  and 
its  target  genes  in  MCF7  cells.  Cells  were  treated  with  JQ1  for  24  h  before  harvest.  (H)  Another  Bromodomain  inhibitor  l-BET 
had  similar  function  in  suppressing  ERa  expression.  MCF7  cells  were  treated  with  l-BET  for  24  h  before  harvest. 


levels  were  not  altered  upon  JQ1  treatment,  indicating 
that  the  suppression  of  ERa  expression  by  JQ1  is  selec¬ 
tive  (Supplementary  information,  Figure  S3C). 

JQ1  inhibits  growth  of  Tam-R  breast  cancer  cells 

Next,  we  investigated  whether  the  BRD3/4  inhibitor 
JQ1  inhibits  growth  of  breast  cancer  cells.  We  treated 
parental  MCF7  cells  and  a  Tam-R  derivative  with  differ¬ 
ent  doses  of  JQ1  or  vehicle  control.  As  shown  in  Figure 
3  A,  JQ1  potently  inhibited  the  growth  of  Tam-R  MCF7 
cells,  while  it  only  moderately  inhibited  the  growth  of 


parental  MCF7  cells  at  a  concentration  of  0.2  pM  (At  a 
higher  concentration  of  0.5  pM,  JQ1  also  inhibited  pa¬ 
rental  MCF7  cell  growth.).  We  further  tested  three  more 
ER-positive  breast  cancer  cell  lines  including  T47D, 
MCF7  RN,  and  ZR75-1  cells.  We  found  that  JQ1  inhibit¬ 
ed  the  growth  of  all  of  these  breast  cancer  cell  lines,  with 
higher  efficacy  toward  the  Tam-R  cells.  Interestingly, 
JQ1  also  inhibited  four  estrogen-deprivation-resistant 
(mimics  aromatase  inhibitor  resistance)  lines  (Supple¬ 
mentary  information,  Figure  S4A).  Simlar  to  MCF7 
cells,  JQ1  downregulated  ERa  mRNA  levels  in  MCF7 


Cell  Research  |  Vol  24  No  7  |  July  2014 


Qin  Feng  etal.  ^ 
813 


RN  and  ZR75-1  cells.  The  ERa  dominant-negative 
splicing  variant  ERA7  was  similarly  downregulated  [24] 
(Supplementary  information,  Figure  S4B  and  S4C). 

Our  ChIP-qPCR  analysis  provided  further  evidence 
that  disruption  of  BRD3/4/WHSCl/ERa  axis  by  JQ1 
suppressed  ERa  gene  expression.  As  shown  in  Figure 
3B,  overall,  the  levels  of  histone  modifications  mark¬ 
ing  active  promoters,  such  as  acetylated  histone  H3  and 
H3K4me3,  were  significantly  lower  on  the  ERa  gene 
promoter  in  Tam-R  MCF7  cells,  likely  due  to  lack  of  oth¬ 
er  key  transcriptional  factor(s).  JQ1  treatment  in  Tam-R 
cells  eliminated  the  recruitment  of  BRD3/4  and  WHSC1 
to  the  ERa  gene  promoter,  and  dramatically  reduced  the 
level  of  H3K4me3  and  H3K36me3,  two  histone  marks 
of  transcription  activation.  In  parental  MCF7  cells,  the 
recruitment  of  BRD3/4  and  WHSC1  was  still  maintained 
at  relatively  high  levels,  although  it  was  reduced  by  JQ1. 
BRD3  and  BRD4  mRNA  levels  were  not  reduced  (actu¬ 
ally  increased)  by  JQ1,  while  WHSC1  was  reduced  by 
JQ1  both  at  the  mRNA  and  protein  levels  (Figure  3C  and 
3D). 


We  next  wished  to  understand  why  Tam-R  breast 
cancer  cells  are  more  sensitive  to  JQ1.  Knockdown  of 
WHSC1  alone  reduced  the  ERa  mRNA  levels  similarly 
in  both  parental  and  Tam-R  breast  cancer  cells,  and  inhib¬ 
ited  the  growth  of  parental  and  Tam-R  MCF7  cells  simi¬ 
larly  (Supplementary  information,  Figure  S4D  and  S4E). 
This  result  suggests  that  WHSC1  is  an  important  regula¬ 
tor  of  ERa  gene  expression  and  cell  growth,  but  does  not 
cause  extra  JQ1  sensitivity  in  Tam-R  cells.  However,  we 
noticed  that  when  cells  were  treated  with  JQ1  for  up  to  3 
days,  ERa  mRNA  was  persistantly  suppressed  in  Tam-R 
MCF7  cells  (Figure  4A).  In  contrast,  in  parental  MCF7 
cells,  ERa  mRNA  level  was  abolished  initially,  but  re¬ 
covered  after  prolonged  treatment  (Figure  4A).  More¬ 
over,  JQ1  was  reported  to  inhibit  MYC  signaling  in  pre¬ 
vious  studies  [21,  25,  26].  Thus,  we  measured  expression 
of  MYC  in  JQl-treated  MCF7  cells.  As  shown  in  Figure 
4A,  MYC  mRNA  level  responded  to  JQ1  treatment  sim¬ 
ilarly  to  ER  in  parental  and  Tam-R  MCF7  cells.  These 
results  demonstrate  that  ERa  and  MYC  are  JQ1  target 
genes  in  Tam-R  MCF7  cells,  and  that  sustained  sup- 
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Figure  3  JQ1  inhibits  growth  of  Tam-R  cells.  (A)  JQ1  efficiently  inhibited  the  growth  of  Tam-R  MCF7  breast  cancer  cells  as 
determined  by  MTS  assay.  Error  bars  indicate  SEM.  (B)  ChIP  assay  to  determine  the  level  of  histone  modifications  and  re¬ 
cruitment  of  BRD3/4  and  WHSC1  to  ERa  promoter.  MCF7  parental  and  Tam-R  cells  were  treated  with  DMSO  (Veh)  or  0.2  M 
of  JQ1  for  24  h  before  cell  harvest.  Primer  Pair  A  (shown  in  Figure  2E)  was  used  for  qPCR  analysis.  Error  bars  were  shown 
as  SEM.  (C)  Expression  of  BRDs  and  WHSC1  in  0.2  |iM  JQl-treated  MCF7  cells.  (D)  Western  blot  analysis  of  ERa,  BRDs, 
and  WHSC1  proteins  from  0.2  |uM  JQl-treated  MCF7  cells. 
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Figure  4  GATA3  is  a  potential  factor  to  reg¬ 
ulate  JQl  sensitivity  in  MCF7  cells.  (A)  JQl 
suppressed  both  ERa  and  MYC  signaling 
pathways  in  Tam-R  MCF7  cells.  Parental  and 
Tam-R  MCF7  cells  were  treated  with  0.2  pM 
of  JQl  for  different  days,  and  mRNA  levels  of 
ERa  and  MYC  were  analyzed  by  RT-qPCR.  (B) 
Expression  of  GATA3  in  MCF7  parental  and 
Tam-R  cells  after  JQl  treatment.  (C)  Compar¬ 
ison  of  GATA3  protein  levels  by  western  blot 
analysis  in  MCF7  parental  and  Tam-R  cells.  (D) 
Knockdown  of  GATA3  by  siRNA  reduces  ERa 
gene  expression.  (E)  Knockdown  of  GATA3 
by  siRNA  enhances  JQl  inhibition  function  in 
MCF7  parental  cells.  All  error  bars  were  shown 
as  SEM. 


pression  of  ERa  and  MYC  by  JQl  probably  contributes 
to  its  more  potent  anticancer  activity  on  Tam-R  breast 
cancer  cells.  To  gain  more  mechanistic  insight  into  this 
observation,  we  found  that  GATA3,  a  key  regulator  of 
ER  gene  expression  [27],  is  highly  expressed  in  parental 
MCF7  cells,  but  not  in  Tam-R  cells  (Figure  4B  and  4C). 
In  parental  MCF7  cells,  GATA3  expression  is  further  in¬ 
creased  by  JQl  treatment  (Figure  4B).  When  we  knocked 
down  GATA3  using  siRNA,  the  parental  MCF7  cells  be¬ 
came  more  sensitive  to  JQl  treatment  (Figure  4E).  Thus, 
our  results  suggest  that  other  key  transcription  factors, 
such  as  GATA3  in  parental  MCF7  cells,  could  have  con¬ 
tributed  to  the  JQl  resistance  with  prolonged  treatment. 
A  decrease  in  such  factors  (Figure  4B)  might  contribute 
to  epigenomic  environmental  changes  on  the  ERa  pro¬ 
moter,  resulting  in  greater  JQl  sensitivity  in  Tam-R  lines. 

To  determine  the  global  signaling  pathways  that  are 
altered  by  JQl  in  addition  to  ER  and  MYC,  microarray 
analysis  was  performed  on  Tam-R  MCF7  cells  treated 
with  vehicle  or  0.2  pM  of  JQl.  When  applying  a  thresh¬ 
old  of  log2  <  -0.2  or  log2  >  0.2,  we  identified  652  down- 
regulated  genes  and  219  upregulated  genes  in  JQl -treat¬ 
ed  cells  (Figure  5A).  Supplementary  information,  Table 
SI  A  lists  all  the  genes  upregulated  or  downregulated  in 
major  biological  pathways  by  KEGG  pathway  analysis. 


Figure  5B  shows  the  biological  pathways  negatively  af¬ 
fected  by  JQl.  Among  them,  the  cell  cycle  is  an  import¬ 
ant  pathway  being  affected  since  cell  cycle-related  gene 
expression  was  significantly  altered  by  JQl  treatment 
(Supplementary  information,  Figure  S5A).  Consistent 
with  this  observation,  we  found  by  flow  cytometry  anal¬ 
ysis  that  Tam-R  MCF7  cells  were  arrested  in  G1  phase 
after  JQl  treatment  for  24  h,  while  parental  cells  were 
arrested  in  G1  phase  after  >  48  h  of  JQl  treatment  (Fig¬ 
ure  5C).  Moreover,  using  these  JQl  target  genes,  we 
generated  a  JQl -regulated  gene  signature  using  the  same 
method  as  previously  described  [28].  Using  a  compendi¬ 
um  of  several  expression  array  studies,  we  scored  human 
breast  tumors  based  on  the  manifestation  of  the  JQl  gene 
signature.  As  shown  in  Figure  5D,  in  ER-positive  tumors 
(N  =  682),  high  JQl  signature  activity  was  associated 
with  better  patient  outcome  (log-rank  P  =  0.001),  while 
in  ER-negative  tumors  (N=  309),  no  survival  association 
was  found.  These  data  further  support  the  functional  sig¬ 
nificance  of  JQl  in  ER  signaling  in  breast  cancer. 

After  2  days  of  JQl  treatment,  Tam-R  cells  began  to 
die,  suggesting  that  prolonged  cell  cycle  arrest  may  in¬ 
duce  apoptosis  (Figure  3A).  This  was  confirmed  by  the 
appearance  of  cleaved  PARP-1  protein  in  Tam-R  MCF7 
cells  (Supplementary  information,  Figure  S5B).  In  con- 
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Figure  5  Cellular  pathways  targeted  by  JQ1.  (A)  Heatmap  of  expression  levels  for  the  genes  differentially  expressed  upon 
treatment  with  JQ1.  Tam-R  MCF7  cells  were  treated  with  0.2  jaM  of  JQ1  or  vehicle  (DMSO)  for  24  h  before  harvest  for  mi¬ 
croarray  analysis.  (B)  Biological  pathways  were  identified  by  microarray  analysis.  KEGG  pathways  were  determined  by  the 
Database  for  Annotation,  Visualization  and  Integrated  Discovery  (DAVID,  http://david.abcc.ncifcrf.gov)  based  on  the  gene  list 
that  is  downregulated  by  JQ1.  (C)  Tam-R  MCF7  cells  are  more  sensitive  to  JQ1 -induced  G1  cell  cycle  arrest.  Cells  were  fixed 
and  stained  with  propidium  iodide  (PI)  before  being  analyzed  by  flow  cytometry.  (D)  Association  of  the  gene  expression  sig¬ 
nature  of  JQ1  treatment  with  breast  cancer  patient  survival.  For  ER-positive  and  ER-negative  subsets,  the  differences  in  risk 
between  tumors,  according  to  degree  of  manifestation  of  the  JQ1  gene  signature,  is  compared  using  Kaplan-Meier  plots  (top 
third,  “strong  manifestation”;  bottom  third,  “weak  manifestation”;  middle  third,  “intermediate  manifestation”). 


trast,  parental  MCF7  cells  did  not  undergo  apoptosis 
(Supplementary  information,  Figure  S5B). 

JQ1  inhibits  tumor  growth  in  Tam-R  xenograft  mouse 
model  when  combined  with  fulvestrant  therapy 

Next,  we  sought  to  determine  the  in  vivo  antitumor 
activity  of  JQ1.  Ovariectomized  nude  mice  were  trans¬ 
planted  subcutaneously  with  Tam-R  MCF7  tumors,  and 
were  randomized  into  two  groups  when  tumor  volumes 
reached  200  mm3.  JQ1  or  control  vehicle  was  given  to 
these  mice  by  intraperitoneal  injection  daily.  We  first 
performed  a  pilot  experiment  to  treat  the  mice  for  7  days 
to  test  whether  JQ1  could  downregulate  ERa  expression 
in  vivo.  As  shown  in  Supplementary  information,  Figure 
S6A,  the  ERa  mRNA  level  was  indeed  reduced  by  about 
30%  in  JQ1 -treated  tumors;  MYC  mRNA  level  was  not 
significantly  reduced,  although  there  was  a  trend.  Im- 


munohistochemical  staining  confirmed  a  decreased  level 
of  ERa  protein  in  JQ1 -treated  tumors,  and  a  reduced 
proliferation  rate  was  observed  with  Ki67  and  histone 
H3  phospho-SerlO  staining  (Supplementary  information, 
Figure  S6B).  This  result  demonstrates  that  JQ1  has  in 
vivo  anticancer  activity  against  Tam-R  breast  cancer.  To 
achieve  an  optimal  drug  response  in  vivo ,  we  tested  a 
combination  of  JQ1  and  fulvestrant/ICI  182,780,  an  ERa 
protein  degrader,  in  Tam-R  MCF7  xenograft  tumors. 
While  single  treatment  of  JQ1  or  fulvestrant  moderate¬ 
ly  inhibited  tumor  growth,  the  combination  of  JQ1  and 
fulvestrant  showed  a  synergistic  antitumor  activity  in  the 
Tam-R  tumors.  In  the  vehicle-treated  group,  the  volumes 
of  all  the  tumors  quickly  tripled  within  17  days,  while  in 
the  group  that  received  combination  therapy,  none  of  the 
tumors  tripled  their  size  after  40  days  of  treatment,  and 
only  about  half  of  the  tumors  tripled  after  a  prolonged 
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Figure  6  A  combination  therapy  of  JQ1  and  fulvestrant  in  Tam-R  xenograft  mouse  model.  (A)  Ovariectomized  mice  bearing 
Tam-R-established  MCF7  tumors  were  randomized  (on  day  0)  into  four  groups  of  treatment:  Tam+vehicle,  Tam+JQI,  fulves- 
trant+vehicle,  and  fulvestrant+JQI ,  with  10  mice  per  group.  JQ1  was  administered  daily  at  50  mg/kg,  while  5  mg  fulvestrant 
was  given  by  subcutaneous  injection  weekly.  Tumors  were  harvested  when  they  reached  1  000  mm3  or  3  months  after  treat¬ 
ment.  (B)  Body  weight  measurement  for  xenograft  experiment  shown  in  A.  The  error  bars  show  means  ±  SEM.  (C)  Tumors 
were  harvested  by  the  end  of  the  treatment,  and  western  blot  was  performed  using  antibodies  against  ERa  and  cyclophilin  A. 
(D)  Immunohistochemical  staining  of  ERa,  Ki67,  and  histone  H3  phospho-SerlO  in  xenograft  Tam-R  tumors  from  four  groups 
treated  with  Tam+vehicle,  Tam+JQI ,  fulvestrant+vehicle,  or  fulvestrant+JQI . 


treatment  (90  days)  (Figure  6A).  Time-to-tumor  tripling 
from  the  four  groups  of  treatment  was  compared  using 
the  generalized  Wilcoxon  test  as  shown  in  Supplemen¬ 
tary  information,  Figure  S6C.  Although  JQ1 -treated 
animals  lose  weight  initially  and  then  regain  it,  gener¬ 
ally  there  is  no  difference  among  the  four  groups  in  the 
baseline  weights,  indicating  that  JQ1  is  well  tolerated  by 
mice  (Figure  6B).  By  western  blot  analysis,  the  protein 
levels  of  ERa  were  dramatically  downregulated  in  the 
tumors  that  received  combination  therapy  of  fulvestrant 
and  JQ1  (Figure  6C).  Immunohistochemical  staining  for 
Ki67  and  histone  H3  phospho-SerlO  confirmed  that  the 
combination  therapy  potently  inhibited  the  tumor  cell 
proliferation  (Figure  6D). 

Discussion 

Epigenetics  is  defined  as  heritable  changes  caused 
by  mechanisms  other  than  changes  in  DNA  sequence, 
including  DNA  methylation,  histone  modifications,  and 
noncoding  RNA.  Epigenomic  proteins  such  as  chromatin 
regulators  have  emerged  as  novel  therapeutic  targets  for 
cancer.  For  instance,  DNA  methylase  inhibitors,  such  as 


Vidaza  and  Decitabine,  and  an  HD  AC  inhibitor,  such  as 
Vorinostat,  have  been  used  clinically  in  treating  hema¬ 
tological  malignancies  [29].  Specific  inhibitors  against 
H3K79  methylase  hDOTIL  and  H3K27  methylase  EZH2 
also  are  being  developed  for  treatment  of  a  variety  of 
cancers  [30-32].  The  small-molecule  inhibitor  of  epig¬ 
enomic  reader  bromodomain  JQ1  has  shown  potent  anti¬ 
cancer  activity  in  hematological  cancer  by  targeting  the 
MYC  pathway.  JQ1  is  also  thought  to  be  effective  in  a 
subset  of  human  lung  adenocarcinoma  cell  lines  by  inhib¬ 
iting  the  expression  of  an  oncogenic  transcriptional  fac¬ 
tor  FOSL1  [33].  In  a  previous  report,  breast  cancer  cell 
lines  only  show  modest  sensitivity  to  JQ1  [34].  In  agree¬ 
ment  with  that  observation,  we  found  that  the  growth  of 
the  parental  MCF7  and  T47D  cells  was  only  partially 
inhibited  by  JQ1  at  high  concentrations.  Strikingly,  the 
Tam-R  cells  are  more  sensitive  to  JQ1  treatment.  In  our 
JQ1  treatment  experiment,  the  ER  mRNA  level  in  MCF7 
parental  cells  initially  was  suppressed  significantly  but 
returned  to  a  normal  level  after  prolonged  treatment. 
MYC  mRNA  levels  were  only  slightly  changed  by  JQ1 
in  MCF7L  parental  cells.  In  contrast,  in  Tam-R  cells, 
both  ER  and  MYC  mRNA  levels  were  consistently  sup- 
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pressed  by  JQ1  even  after  3  days  of  treatment.  Our  result 
provides  an  explanation  for  the  increased  JQ1  sensitivity 
of  Tam-R  breast  cancer  cells  compared  to  parental  cells, 
and  further  indicates  that  JQ1  targets  both  ER  ad  MYC 
pathways  in  Tam-R  cells.  More  importantly,  JQ1  shows 
in  vivo  anticancer  activity  in  suppressing  the  Tam-R 
breast  cancer  growth  in  the  xenograft  mouse  model.  A 
combination  treatment  of  fulvestrant  and  JQ1  more  effec¬ 
tively  downregulated  ERa  and  inhibited  in  vitro  and  in 
vivo  tumor  growth,  providing  a  new  potential  approach 
for  treating  Tam-R  and  ERa-dependent  breast  cancer. 

Materials  and  Methods 

Small-scale  siRNA  screening 

A  customized  small  siRNA  library  contains  individual  Stealth 
RNAi  siRNAs  (Life  Technologies)  targeting  29  histone  lysine 
methyltransferases  and  18  histone  lysine  demethylases.  All  siR¬ 
NAs  used  in  this  study  were  transfected  to  MCF7  cells  at  the  final 
concentration  of  20  nM  using  Lipofectamin  RNAiMAX  reagent. 

Cell  culture  and  transfection 

MCF7,  MCF7  RN,  T47D,  and  ZR75-1  cells  were  maintained 
in  RPMI  1640  medium  supplemented  with  10%  FCS.  MCF7  cells 
were  initially  obtained  from  Dr  Marc  Lippman  in  1985  at  the  Na¬ 
tional  Cancer  Institute,  Bethesda,  MD.  T47D  cells  were  purchased 
from  ATCC.  MCF7  RN  cells  were  initially  obtained  from  Dr  Rob¬ 
ert  Nicholson  [35].  The  Tam-R  lines  were  established  from  a  long¬ 
time  treatment  of  100  nM  4-hydroxy  tamoxifen  (4-HT)  (Sigma) 
until  cell  growth  was  resumed.  The  parental  cells  were  cultured  in 
RPMI  1640  supplemented  with  10%  of  FCS,  whereas  their  Tam-R 
derivative  line  was  cultured  in  phenol  red-free  medium  containing 
10%  charcoal-dextran-stripped  FCS  and  100  nM  of  4-HT.  Ah  cell 
lines  were  authenticated  once  the  resistance  was  established,  and 
mycoplasma  contamination  is  tested  once  every  6  months.  For 
estradiol-induced  experiments,  MCF7  cells  were  maintained  in 
phenol  red- free  medium  containing  10%  charcoal-dextran-stripped 
FCS  until  hormone  addition.  Fugene  6  transfection  reagent  (Roche) 
was  used  for  transient  overexpression  experiments.  Ah  siRNAs 
used  in  this  study  were  individual  Stealth  RNAi  siRNAs  from 
Life  Technologies,  and  transfected  at  the  final  concentration  of  20 
nM.  Lipofectamin  RNAiMAX  reagent  was  used  for  all  the  siR¬ 
NA  transfections.  The  mammalian  expression  vector  of  WHSC1/ 
MMSET  (pCEFL-MMSET-II)  and  its  control  vector  plasmids 
were  kindly  provided  by  Dr  Zhenkun  Lou  at  Mayo  Clinic  [36]. 
The  six  different  mammalian  expression  vectors  of  BRD4  used  for 
deletion  mapping  in  Supplementary  information,  Figure  S2D  were 
obtained  from  Addgene. 

Co-IP  and  western  blot  analysis 

Co-IP  experiments  were  done  to  determine  the  interaction 
between  WHSC1  and  BRD  proteins.  Two  days  after  transient 
transfection,  293 T  cells  were  harvested  and  washed  with  ice-cold 
phosphate-buffered  saline  before  being  disrupted  with  lysis  buffer 
(50  mM  Tris,  100  mM  NaCl,  0.1%  NP-40,  50  mM  NaF,  1  mM 
dithiothreitol,  1  mM  phenylmethylsulfonyl  fluoride,  1  jig/ml  of 
aprotinin,  0.5  jig/ml  of  leupeptin,  and  0.7  jig/ml  of  pepstatin).  0.8 


mg  of  protein  lysates  was  incubated  with  5  pi  of  anti-HA  antibody 
(Roche)  at  4  °C  for  4  h,  followed  by  the  addition  of  10  pi  of  pro¬ 
tein  G  slurry  (Santa  Cruz  Biotechnology)  for  1  h.  Endogenous  IP 
and  co-IP  were  performed  using  nuclear  extract  generated  from 
HeLa  cells  as  previously  described  [37].  After  three  washes  with 
lysis  buffer,  the  immunoprecipitated  proteins  were  separated  by 
SDS-PAGE  and  analyzed  by  western  blot.  The  antibodies  used  in 
co-IP  and  western  blot  are  anti-BRD2  (Bethyl  Labs,  A3 02-5 83 A), 
anti-BRD3  (Bethyl  Labs,  A302-368A),  anti-BRD4  (Bethyl  Labs, 
A301-985A50),  anti-WHSCl  (Abeam,  ab75359),  anti-P-actin 
(Sigma,  A2228),  anti-ERa  (Santa  Cruz  Biotechnology,  sc-543), 
and  anti-cyclophilin  A  (Cell  Signaling  Technology,  2175S).  The 
specificity  of  the  BRD  antibodies  was  confirmed  by  IP/western 
blot  analysis  (Supplementary  information,  Figure  S2B).  The  vali¬ 
dation  profiles  of  ah  the  antibodies  are  available  from  their  compa¬ 
ny  websites. 

Chromatin  IP 

The  ChIP-IT  Express  kit  (Active  Motif)  was  used  for  ChIP 
assay  in  this  study  following  the  manufacturer’s  protocol.  The 
additional  antibodies  used  in  ChIP  assay  were  rabbit  IgG  (Santa 
Cruz  Biotechnology,  sc-2027),  anti-acetyl-histone  H3  (Millipore, 
06-599),  anti-H3K36me2  (Active  Motif,  39255),  anti-H3K4me3 
(Active  Motif,  39159),  and  anti-H3K36me3  (Active  Motif, 
61101).  These  antibodies  are  all  ChIP  grade  and  have  been  vali¬ 
dated  by  their  companies.  The  ChIP  PCR  primers  for  amplification 
of  ERa/ESRl  gene  next  to  the  promoter  region  (A)  are:  Forward, 
5'-CCCACTCAACAGCGTGTCT-3';  Reverse,  5'-CTGCAG- 
GAAAGGCGACAG-3'.  The  ChIP  primers  for  amplification  of 
ERa  gene  in  the  coding  region  (B)  are:  Forward,  5'-GAAGAAG- 
CATGGGTAAATGTCA-3';  Reverse,  5'-TCAGCCCTGAAC- 
CCAGTG-3'. 

RNA  isolation  and  reverse  transcription-qPCR  analysis 

Total  RNA  was  extracted  with  TriReagent  (Molecular  Research 
Center)  (for  siRNA  screening)  or  RNeasy  Mini  Kit  (Qiagen).  To 
measure  the  relative  mRNA  levels,  real-time  reverse  transcrip- 
tion-PCR  (RT-PCR)  was  performed  in  an  Applied  Biosystems 
7500  fast  real-time  PCR  system  (Applied  Biosystems,  Foster  City, 
CA).  The  primers  for  gene  expression  assays  were  designed  using 
online  Roche  website:  https://www.roche-applied-science.com/ 
sis/rtpcr/upl/index.jsp.  The  primers  for  amplication  of  total  ERa: 
Forward,  5'-ATCCACCTGATGGCCAAG-3';  Reverse,  5'-GCTC- 
CATGCCTTTGTTACTCA-3'.  The  primers  for  amplification  of 
specifically  ERA  7:  Forward,  5'-TGCTGGCTACATCATCTCG- 
GTT-3';  Reverse,  5  '-CCATGCCTTTGTTACAGAATTAAGCA-3 ' 
[24].  The  SensiFast  SYBR  one-step  Kit  (Bioline)  was  used  for 
RT-qPCR  analysis.  For  all  RT-qPCR  experiments  in  this  study, 
samples  were  duplicated  and  the  error  bars  were  shown  as  SEM. 

Correlation  analysis  and  micro  array  analysis 

For  the  correlation  analysis  shown  in  Figure  IE,  gene  expres¬ 
sion  and  clinical  data  were  downloaded  from  the  TCGA  Breast 
Cancer  [38].  Pearson  correlation  between  WHSC1  and  ESR1  was 
computed  using  the  ^-statistical  system  within  the  following  sub- 
types  of  breast  cancer:  Luminal  A,  Luminal  B,  Her2,  and  ER  posi¬ 
tive.  For  microarray  analysis,  the  RNA  was  extracted  with  RNeasy 
Mini  Kit  (Qiagen),  and  the  array  was  performed  on  GeneChip 
Human  Gene  1.0  ST  Array  (Affymetrix)  at  Asuragen  Inc.  (Austin, 
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TX)  with  triplicated  samples.  A  heatmap  was  built  using  the  gene 
expression  for  the  genes  differentially  expressed  upon  treatment 
with  JQ1  when  a  threshold  of  log2  <  -0.2  or  log2  >  0.2  was  ap¬ 
plied.  Gene  expression  was  transformed  by  subtracting  the  mean 
value  and  dividing  by  SD  for  each  individual  gene.  A  heatmap  was 
generated  using  the  ^-statistical  system.  Raw  microarray  data  can 
be  accessed  at  Gene  Expression  Omnibus  (GEO),  with  accession 
number  GSE49124. 

JQ1  signature  analysis 

For  the  “compendium”  data  set  of  nine  separate  breast  tumor 
expression  profiling  data  sets  for  survival  analysis,  gene  transcrip¬ 
tion  profiling  data  sets  (all  on  Affymetrix  U133  array,  A  set,  and 
all  with  DMFS  as  an  outcome  measure)  were  previously  obtained 
from  previous  studies  and  consolidated  into  one  data  set  [39]. 
Genes  within  each  data  set  were  first  normalized  to  SD  from  the 
median,  where  multiple  human  array  probe  sets  referenced  the 
same  gene,  the  probe  set  with  the  highest  variation  was  used  to 
represent  the  gene.  To  score  each  human  breast  tumor  profile,  for 
similarity  to  the  gene  signature  of  JQ1 -treated  cells,  we  derived 
a  “/-score”  metric  for  each  human  tumor  in  relation  to  the  ex¬ 
perimental  signature,  similar  to  what  we  have  done  in  previous 
analyses  [28,  40];  briefly,  the  /-score  was  defined  for  each  external 
profile  as  the  two-sided  /-statistic  comparing,  within  the  profile, 
the  average  of  the  genes  high  in  the  signature  with  the  average  of 
the  genes  low  in  the  signature. 

MTS  assay 

Breast  cancer  cells  were  seeded  at  a  density  of  2  x  103  cells  per 
well  in  flat-bottomed  96-well  plates  (day  0)  and  their  growth  was 
measured  on  days  1,  2,  3,  5,  and  7  after  JQ1  treatment.  Cell  media 
were  changed  every  2  days.  CellTiter  96  AQueous  One  Solution 
Reagent  (Promega)  was  added  to  each  well  following  the  manu¬ 
facturer’s  instructions.  After  1  h  of  incubation,  the  cell  viability 
was  determined  by  measuring  the  absorbance  at  490  nm  using  the 
Multiskan  FC  microplate  photometer  (Thermo  Scientific).  For  all 
the  MTS  assays  done  in  this  study,  samples  were  treated  in  qua¬ 
druplicate  and  error  bars  were  shown  as  SEM. 

Apoptosis  assay 

Parental  and  Tam-R  MCF7  cells  were  treated  with  various 
dosages  (0.2,  0.5,  1  pM)  of  JQ1  for  2  days  followed  by  being 
harvested  for  western  blot.  The  cleaved  (89  kDa,  C  terminus)  and 
full-length  (116  kDa)  forms  of  PARP-1  protein  were  detected  by 
PARP-1  antibody  (Santa  Cruz  Biotechnology,  sc-8007,  dilution 
1:200). 

In  vivo  Tam-R  breast  cancer  xenograft  studies  and  immuno- 
histochemistry 

The  antitumor  effect  of  JQ1  and  JQl/fulvestrant  was  evaluated 
in  Tam-R  breast  cancer  xenograft  mouse  model.  Briefly,  tamoxifen 
citrate-treated  4-5 -week-old  ovariectomized  athymic  mice  were 
subcutaneously  implanted  with  Tam-R  breast  tumor  fragments 
at  the  hypogastrium  area.  Three-five  weeks  later  when  the  tumor 
size  reaches  150-200  mm3,  mice  were  randomized  into  four  treat¬ 
ment  groups  by  simple  randomization  method,  totally  10  mice  per 
group.  The  allocation  started  from  the  first  to  the  fourth  group,  and 
then  from  the  fourth  to  the  first  group  for  the  next  round.  Unless 
any  animals  die  from  an  unknown  reason,  no  animal  has  been  ex¬ 


cluded  from  the  study.  JQ1  or  DMSO  (vehicle)  was  administered 
daily  at  50  mg/kg  with  10%  hydroxypropyl  beta-cyclodextrin  solu¬ 
tion  as  a  carrier,  while  5  mg  fulvestrant  was  given  by  subcutaneous 
injection  weekly  [41].  Tumors  were  monitored  and  tumor  volumes 
and  body  weight  were  measured  twice  a  week.  Blind  measure¬ 
ments  were  carried  out  to  avoid  unconscious  biases.  Tumors  were 
harvested  for  molecular  studies  after  3  months  of  treatment  or 
when  they  reached  the  size  of  1  000  mm3.  Small  pieces  of  the  tu¬ 
mors  were  fixed  and  embedded  in  paraffin,  and  additional  materi¬ 
als  were  kept  at  -80  °C.  H&E  staining  was  performed  to  examine 
the  overall  structure  of  the  tumors,  and  the  cell  proliferation  was 
determined  by  immunohistochemical  staining  of  Ki67  and  phos- 
phorylated  histone  H3  at  SerlO.  The  antibodies  used  were  histone 
H3  phospho- SerlO  (Millipore  06-570,  1:300),  Ki67  (Dako  M7240, 
1:200),  and  ERa  (Vector  Faboratories  VP-E613,  1:200).  Other 
tumor  parts  were  used  for  RNA  extraction  and  protein  preparation. 
All  in  vivo  animal  studies  were  conducted  under  a  protocol  ap¬ 
proved  by  Institutional  Animal  Care  and  Use  Committees  (IACUC) 
at  the  Baylor  College  of  Medicine. 
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